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Abstract

 

We tested the hypothesis that endothelium-dependent va-
sodilatation is a determinant of insulin resistance of skeletal
muscle glucose uptake in human obesity. Eight obese (age
26

 

6

 

1 yr, body mass index 37

 

6

 

1 kg/m

 

2

 

) and seven nonobese
males (25

 

6

 

2 yr, 23

 

6

 

1 kg/m

 

2

 

) received an infusion of brady-
kinin into the femoral artery of one leg under intravenously
maintained normoglycemic hyperinsulinemic conditions.
Blood flow was measured simultaneously in the bradykinin
and insulin– and the insulin-infused leg before and during
hyperinsulinemia using [

 

15

 

O]-labeled water ([

 

15

 

O]H

 

2

 

O) and
positron emission tomography (PET). Glucose uptake was
quantitated immediately thereafter in both legs using [

 

18

 

F]-
fluoro-deoxy-glucose ([

 

18

 

F]FDG) and PET. Whole body in-
sulin-stimulated glucose uptake was lower in the obese
(507

 

6

 

47 

 

m

 

mol/m

 

2

 

 

 

?

 

 min) than the nonobese (1205

 

6

 

97

 

m

 

mol/m

 

2

 

 

 

?

 

 min,

 

 P 

 

, 

 

0.001) subjects. Muscle glucose uptake
in the insulin-infused leg was 66% lower in the obese (19

 

6

 

4

 

m

 

mol/kg muscle 

 

?

 

 min) than in the nonobese (56

 

6

 

9 

 

m

 

mol/kg
muscle 

 

?

 

 min,

 

 P 

 

, 

 

0.005) subjects. Bradykinin increased
blood flow during hyperinsulinemia in the obese subjects by
75% from 16

 

6

 

1 to 28

 

6

 

4 ml/kg muscle 

 

?

 

 min (

 

P

 

 , 

 

0.05), and
in the normal subjects by 65% from 23

 

6

 

3 to 38

 

6

 

9 ml/kg
muscle 

 

?

 

 min (

 

P

 

 , 

 

0.05). However, this flow increase re-
quired twice as much bradykinin in the obese (51

 

6

 

3 

 

m

 

g over
100 min) than in the normal (25

 

6

 

1 

 

m

 

g,

 

 P 

 

, 

 

0.001) subjects.
In the obese subjects, blood flow in the bradykinin and insu-
lin–infused leg (28

 

6

 

4 ml/kg muscle 

 

?

 

 min) was comparable
to that in the insulin-infused leg in the normal subjects
during hyperinsulinemia (24

 

6

 

5 ml/kg muscle 

 

?

 

 min). De-
spite this, insulin-stimulated glucose uptake remained un-
changed in the bradykinin and insulin–infused leg (18

 

6

 

4

 

m

 

mol/kg 

 

?

 

 min) compared with the insulin-infused leg
(19

 

6

 

4 

 

m

 

mol/kg muscle 

 

?

 

 min) in the obese subjects. Insulin-
stimulated glucose uptake also was unaffected by bradyki-
nin in the normal subjects (58

 

6

 

10 vs. 56

 

6

 

9 

 

m

 

mol/kg 

 

?

 

 min,
bradykinin and insulin versus insulin leg). These data dem-
onstrate that obesity is characterized by two distinct defects

in skeletal muscle: insulin resistance of cellular glucose ex-
traction and impaired endothelium-dependent vasodilata-
tion. Since a 75% increase in blood flow does not alter glucose
uptake, insulin resistance in obesity cannot be overcome by
normalizing muscle blood flow. (

 

J. Clin. Invest.

 

 1998. 101:
1156–1162.) Key words: obesity 

 

•

 

 blood flow 

 

•

 

 insulin resis-
tance 

 

•

 

 bradykinin 

 

•

 

 positron emission tomography

 

Introduction

 

Obesity is a major cause of insulin resistance in humans (1).
This resistance is characterized by an inability of insulin to nor-
mally increase glucose uptake in leg tissues and involves a de-
fect in cellular glucose extraction (2, 3). In addition to this clas-
sic defect in insulin action, the ability of insulin to vasodilate
has also been examined in a few studies and has been found to
be either blunted (2, 4) or normal (5) in obese subjects. Insu-
lin-induced vasodilatation can be abolished by inhibiting nitric
oxide (NO)

 

1

 

 synthesis (6, 7). Resistance to insulin’s ability to
augment blood flow responses to endothelium-dependent va-
sodilators was also demonstrated recently in obese subjects
(4). Such impaired vasodilatation has been suggested to con-
tribute to glucose delivery. Baron et al. reported enhancement
of glucose uptake by methacholine in normal subjects, and
a decrease in glucose uptake by 

 

L

 

-

 

N

 

-monomethylarginine
(L-NMMA), a vasoconstrictor and an inhibitor of NO synthe-
sis (8, 9). However, interpretation of these data is complicated,
since the neuronal (nNOS) (10) isoform of NO synthase
(NOS) is expressed in myocytes and skeletal muscle, and NOS
inhibition by L-NMMA inhibits glucose transport in incubated
skeletal muscle preparations (11). In addition, sodium nitro-
prusside, an NO donor, has been found recently to increase
glucose transport both in the absence and presence of insulin
rat extensor digitorum longus muscles in vitro (12). In contrast
to these findings, blood flow increases induced with agents
such as adenosine (13) or bradykinin (14) do not enhance glu-
cose uptake in vivo in normal subjects. Whether stimulation of
blood flow with such agents would increase glucose uptake in
skeletal muscle of insulin-resistant obese subjects is unknown.
If so, this would provide a rationale for the design of vasodila-
tory drugs for treatment of both insulin resistance of glucose
uptake and endothelial dysfunction. Bradykinin is an endothe-
lium-dependent vasodilator (15), which increases forearm
blood flow in a dose- and NO synthesis–dependent fashion in
humans (16). However, it does not stimulate glucose transport,
glycolysis, or glycogen synthesis in isolated rat soleus muscle
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(17), cardiac myocytes, or in the perfused rat heart (18).
Whether this is because of rapid degradation of bradykinin by
angiotensin-converting enzyme or other mechanisms (19) is
unclear. In this study, we quantitated rates of insulin-stimu-
lated glucose uptake directly in muscle tissue and used brady-
kinin to examine whether enhancement of blood flow in femo-
ral muscle augments insulin-stimulated glucose uptake in
obesity. To this end, we infused bradykinin into the femoral ar-
tery and measured blood flow as well as glucose uptake simul-
taneously in both legs under normoglycemic hyperinsulinemic
conditions using positron emission tomography (PET) tech-
niques. This allowed analysis of the effect of increasing blood
flow on insulin-stimulated glucose uptake directly in skeletal
muscle in vivo.

 

Methods

 

Subjects

 

Eight obese men (age 26

 

6

 

1 yr, weight 121

 

6

 

4 kg, height 181

 

6

 

2 cm,
body mass index 37

 

6

 

1 kg/m

 

2

 

, range 31–42 kg/m

 

2

 

, serum cholesterol
3.9

 

6

 

0.1, LDL-cholesterol 2.3

 

6

 

0.1, HDL-cholesterol 0.9

 

6

 

0.1, triglyc-
erides 1.5

 

6

 

0.1 mmol/liter) volunteered for the study. The subjects
were healthy as judged by history and physical examination, were not
taking any medications, and had no family history of diabetes. All
subjects were normotensive and had normal glucose tolerance, blood
counts, electrolytes, and normal renal and liver function tests. The re-
sults of this study group were compared with results of seven normal
men (age 25

 

6

 

2 yr, weight 73

 

6

 

3 kg, height 180

 

6

 

2 cm, body mass
index 23

 

6

 

1 kg/m

 

2

 

, serum cholesterol 4.0

 

6

 

0.2, LDL-cholesterol
2.5

 

6

 

0.1, HDL-cholesterol 1.0

 

6

 

0.1, triglycerides 1.1

 

6

 

0.2 mmol/liter,

 

P 

 

, 

 

0.005 for weight and body mass index, NS for other parameters
for nonobese versus obese subjects). Data on the nonobese subjects
have been reported previously (14). The nature, purpose, and poten-
tial risks of the study were explained to all subjects before they gave
their written informed consent to participate. The study was ap-
proved by the Ethical Committee of the Turku University Hospital.

 

Study design

 

All studies were performed after a 10–12-h overnight fast. The sub-
jects were lying supine during the study. Three catheters were inserted,
one in an antecubital vein for infusions of glucose and insulin and in-
jections of [

 

15

 

O]H

 

2

 

O and [

 

18

 

F]FDG, another in the opposite radial ar-
tery for blood sampling, and a third in the femoral artery for infusion
of bradykinin (Hoechst, Frankfurt, Germany). The study for each
subject consisted of a 30-min basal period (

 

2

 

30 to 0 min) and a 100-
min normoglycemic hyperinsulinemic period (0–100 min) during
which bradykinin was infused into the other leg (Fig. 1). Blood flow
was measured in both legs using [

 

15

 

O]H

 

2

 

O during the 30-min basal
period before start of the insulin and bradykinin infusions. At 0 min,
an intravenous infusion of insulin (1 mU/kg 

 

?

 

 min) and an intraarte-
rial infusion of bradykinin were started simultaneously and continued
for 100 min. Administration of insulin per kilogram of body weight
rather than body surface area results in significantly higher insulin
concentrations in obese than in nonobese subjects, because the rela-
tive distribution space of insulin is lower in obese than in nonobese
subjects (20). This approach was chosen to maintain the protocol
identical to that used in the nonobese subjects (14). The goal was to
increase blood flow by 

 

z 

 

50% in both groups. Preliminary studies in
two obese subjects (body mass indexes 39 and 40 kg/m

 

2

 

) showed that
a 35-

 

m

 

g bradykinin dose had no (16 vs. 16 ml/kg muscle 

 

?

 

 min, insu-
lin-infused vs. bradykinin and insulin–infused leg) or only a slight
(17 vs. 21 ml/kg muscle 

 

?

 

 min) effect on muscle blood flow. Therefore,
the total dose of bradykinin required to increase blood flow by 

 

z 

 

50%
was significantly higher in the obese than the nonobese subjects (see
Results). At 50 min, measurement of muscle blood flow was repeated
using [

 

15

 

O]H

 

2

 

O and PET (Fig. 1). Femoral muscle glucose uptake was

measured immediately thereafter using [

 

18

 

F]FDG and PET (Fig. 1).
Blood pressure (Hem-705C oscillometric blood pressure monitor;
Omron Corp., Tokyo, Japan) and heart rate were recorded basally
and every 15–30 min during the insulin and bradykinin infusions.
Blood samples for the measurement of serum insulin concentrations
were taken as detailed below.

 

Measurement of muscle blood flow and glucose uptake
with PET

 

Production of [

 

15

 

O]H

 

2

 

O and [

 

18

 

F]FDG.

 

For production of [

 

15

 

O] com-
pounds, a low-energy deuteron accelerator was used (Cyclone 3; Ion
Beam Application Inc., Louvain-la-Neuve, Belgium). [

 

15

 

O]H

 

2

 

O was
produced using a dialysis technique in a continuously working water
module (21). Sterility and pyrogen tests were performed daily to ver-
ify the purity of the product. [

 

15

 

O]Oxygen was processed to [

 

15

 

O]CO
in a charcoal oven at 950

 

8

 

C. Gas chromatographic analysis was per-
formed to verify the purity of the product before each study.
[

 

18

 

F]FDG was synthesized with an automatic apparatus as described
by Hamacher et al. (22). The specific radioactivity at the end of the
synthesis was 2 Ci/

 

m

 

mol and the radiochemical purity exceeded 98%.

 

Image acquisition and processing.

 

An eight-ring ECAT 931/08
tomograph (Siemens/CTI Corp., Knoxville, TN) was used. The scan-
ner has an axial resolution of 6.7 mm and in plane resolution of 6.5
mm. The images were obtained from the femoral regions. Before
emission scanning, a transmission scan for correction of photon atten-
uation was performed for 10 min with a removable ring source con-
taining 

 

68

 

Ge.
For the flow studies, [15O]H2O (30–45 mCi) was infused intrave-

nously (30 s) and a dynamic scan, for 6 min, was started simulta-
neously. To obtain the input function, arterial blood was withdrawn
with a pump at a speed of 6 ml/min from the radial artery, and the ra-
dioactivity concentration was measured using a two-channel detector
system (Scanditronix, Uppsala, Sweden), which was calibrated to an
automated gamma-counter (1480 Wizard; Wallac Inc., Turku, Fin-
land) and the PET scanner.

To obtain the actual input function for the tissue element, inter-
nal dispersion from the arterial line and external dispersion from the
tubing in the blood sampling system were corrected for by using an
exponential dispersion function with an internal dispersion time con-
stant of 5 s (23). For the external dispersion time constant, a mea-
sured value of 3 s was used. The delay between the input curve and
the tissue curve was solved by fitting (23).

For the [18F]FDG study, 4–9 mCi of [18F]FDG (t1/2 109 min) was
injected intravenously over 2 min and dynamic scanning for 40 min

Figure 1. Design of the study. Bradykinin was infused intraarterially 
(I.A.) during intravenously (I.V.) maintained normoglycemic hyper-
insulinemic (insulin infusion rate 1 mU/kg ? min) conditions. The ar-
rows indicate the time of intravenous injections of the positron emit-
ting tracers [15O]H2O and [18F]FDG. After the injections, a dynamic 
scan of both femoral regions (hatched rectangles) was obtained to 
quantitate blood flow and glucose uptake simultaneously in both legs.
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was started (12 3 15 s, 4 3 30 s, 3 3 60 s, 1 3 120 s, 6 3 300 s). Blood
samples for measurement of plasma radioactivity were withdrawn
during dynamic scanning (approximately one sample from one time
frame). Radioactivity of the plasma samples was measured in the well
counter and cross-calibrated with the PET scanner. All data were cor-
rected for dead-time, decay, and measured photon attenuation as de-
scribed previously and reconstructed into a 128 3 128 matrix (24).

Calculation of blood flow. The methods to measure blood flow
with [15O]H2O and PET are based on the principle of inert gas ex-
change between blood and tissues developed by Kety (25). We used
the autoradiographic method to calculate the blood flow pixel by
pixel with a 200-s integration time and dispersion and delay corrected
arterial input curve (23, 26, 27). The partition coefficient for water in
muscle tissue was assumed to be 0.95 ml/g in the calculation. The
method to measure blood flow in muscle with [15O]H2O and PET has
been validated recently (27).

Regions of interest were drawn in the posterior, anterolateral,
and anteromedial muscular compartments of the femoral region in
four slices in both legs. Large vessels were avoided when outlining the
muscle areas. The localization of the muscle compartments was veri-
fied by comparison of the flow images with the transmission image,
which provides a topographical distribution of tissue density. The re-
gions of interest outlined in the flow images were copied to the FDG
images to obtain quantitative data from identical regions.

Calculation of regional glucose uptake. The three-compartment
model of [18F]FDG kinetics was used as described previously (24, 28,
29). Plasma and tissue time–activity curves were analyzed graphically
to quantitate the fractional rate of tracer phosphorylation Ki (24, 29,
30). A minimum of six points was used to determine the slope by lin-
ear regression. The rate of the glucose uptake (rGU) is obtained by
multiplying Ki by the plasma glucose concentration [Glc]p divided by
a lumped constant term (LC): rGU 5 [Glc]p/LC) 3 Ki. The lumped
constant accounts for differences in the transport and phosphoryla-
tion of [18F]FDG and glucose. A lumped constant value of 1.0 for
skeletal muscle was used as previously described (24). Glucose ex-
traction (arteriovenous [AV] difference) was calculated using the
Fick equation by dividing muscle glucose uptake by muscle blood
flow.

Whole body glucose uptake
Whole body glucose uptake was determined, independent of the PET
measurements, using the euglycemic hyperinsulinemic clamp tech-
nique, as described previously (24, 31). During hyperinsulinemia,
normoglycemia was maintained using a variable rate infusion of 20%
glucose based on arterial plasma glucose measurements (32). The
rate of glucose uptake was calculated during the time period when
the measurements of blood flow and muscle glucose uptake were per-
formed (50–100 min). Serum insulin concentrations were measured
basally and at 30-min intervals during the insulin infusion (33). Whole
body glucose uptake was expressed per body surface area since glu-
cose uptake rates expressed per body surface area are better corre-
lated to rates expressed per fat free mass than those expressed per
body weight (34).

Statistical procedures
Statistical comparisons between measurements performed in the
basal state and during hyperinsulinemia were performed using the
nonparametric Wilcoxon’s signed rank test and comparisons between
obese and nonobese groups were performed using the nonparametric
Wilcoxon rank sum test (5 Mann-Whitney U test) for independent
samples. Correlations between selected study variables were calcu-
lated using Spearman’s rank correlation coefficient. Data are ex-
pressed as mean6SEM.

Results

Glucose and insulin concentrations. Plasma glucose concentra-
tions were similar in the obese and nonobese subjects basally

(5.860.2 vs. 5.960.1 mmol/liter) and during hyperinsulinemia
(5.360.1 vs. 5.260.1 mmol/liter). Fasting insulin concentra-
tions were higher in the obese (1563 mU/liter) than in the
nonobese (661 mU/liter, P , 0.005) subjects. During hyperin-
sulinemia, serum insulin concentrations were slightly higher in
the obese (7964 mU/liter) than in the nonobese (6261 mU/li-
ter, P , 0.01) subjects.

Whole body and femoral muscle glucose uptake. Whole body
glucose uptake, expressed per surface area, was 58% lower
in the obese (507647 mmol/m2 ? min) than the nonobese
(1205697 mmol/m2 ? min, P , 0.001) subjects. When expressed
per kilogram of body weight, insulin-stimulated whole body
glucose uptake averaged 1061 mmol/kg ? min in the obese and
3263 mmol/kg ? min in the nonobese subjects (P , 0.005).
Femoral muscle glucose uptake in the insulin-infused leg was
66% lower in the obese (1964 mmol/kg muscle ? min) than in
the nonobese (5669 mmol/kg muscle ? min, P , 0.005) sub-
jects.

Effect of bradykinin on muscle blood flow and glucose up-
take. Muscle blood flows were similar in both legs before
bradykinin and insulin infusions in the obese subjects (1661
vs. 1561 ml/kg muscle ? min, bradykinin and insulin–infused
vs. insulin-infused vs. control leg, NS), and the nonobese sub-
jects (2363 vs. 2163 ml/kg muscle ? min, respectively), and not
significantly different between the groups.

Figure 2. Rates (mean6SE) of blood flow in skeletal muscles of the 
femoral region under normoglycemic hyperinsulinemic conditions in 
the insulin and bradykinin–infused (INSULIN 1 BK) and in the insu-
lin-infused (INSULIN) leg of obese and nonobese subjects. xxP , 

0.01 for comparison of flow in INSULIN 1 BK vs. INSULIN leg.

Figure 3. Rates of glucose uptake in skeletal muscles of the femoral 
region under normoglycemic hyperinsulinemic conditions in the insu-
lin and bradykinin–infused (INSULIN 1 BK) and in the insulin-
infused (INSULIN) leg of obese and nonobese subjects. xxxP , 0.01 
for comparison of obese vs. nonobese subjects.
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Bradykinin increased blood flow in the obese subjects by
75% from 1661 (basal flow) to 2864 ml/kg muscle ? min (P ,
0.05), and in the normal subjects by 65% from 2363 (basal
flow) to 3869 ml/kg muscle ? min (P , 0.05). However, this
flow increase required twice as much bradykinin in the obese
(5163 mg over 100 min) than in the normal subjects (2561 mg,
P , 0.001). Basal flow was significantly correlated with flow
during bradykinin and insulin infusions both in the obese (r 5
0.80, P , 0.02) and the nonobese (r 5 0.79, P , 0.05) subjects.
In the obese subjects, blood flow in the bradykinin and insu-
lin–infused leg was comparable to that in the insulin-infused
leg in the normal subjects during hyperinsulinemia (2465 ml/
kg muscle ? min, Fig. 2). Insulin per se did not increase blood
flow in the nonobese (2163 vs. 2465 ml/kg muscle ? min, NS)
or the obese (1561 vs. 1963 ml/kg muscle ? min, NS) subjects.

Glucose uptake remained unchanged in the bradykinin and
insulin–infused leg (1864 mmol/kg ? min) compared with the
insulin-infused leg (1964 mmol/kg muscle ? min) in the obese
subjects. Glucose uptake also remained unchanged in the nor-
mal subjects (58610 vs. 5669 mmol/kg ? min, bradykinin and
insulin–infused vs. insulin-infused leg, Fig. 3). Examples of
flow and glucose uptake images are shown in Fig. 4. Rates of
glucose uptake in the insulin-infused and insulin and bradyki-
nin–infused leg were significantly correlated within both the
obese (r 5 0.96, P , 0.001) and the nonobese (r 5 0.91, P ,
0.01) subjects with no difference between either slopes or in-
tercepts of this relationship between the obese or nonobese
subjects (Fig. 5).

Glucose extraction. In the obese group glucose extraction
was significantly lower during hyperinsulinemia both in the in-

sulin-infused leg (0.960.1 vs. 2.560.2 mmol/liter, obese vs.
nonobese subjects, P , 0.005) and in the bradykinin and insu-
lin–infused leg (0.760.1 vs. 1.760.2 mmol/liter, respectively,
P , 0.005) compared with the nonobese subjects. The bradyki-
nin-induced increase in blood flow was accompanied by a sig-
nificant decrease in glucose extraction in the bradykinin-infused
leg in both the obese (0.760.1 vs. 0.960.1 mmol/liter, brady-
kinin and insulin–infused vs. insulin-infused leg, P , 0.05) and
the nonobese (1.760.2 vs. 2.560.2 mmol/liter, respectively,
P , 0.01) subjects.

Figure 4. Cross-sectional images of blood flow and glucose uptake in the femoral region of an obese and a nonobese subject during insulin stim-
ulation as seen during PET scanning. The top shows parametric flow images obtained using [15O]H2O and PET, and the bottom shows glucose 
uptake measured with [18F]FDG and PET. The insulin and bradykinin–infused leg (INSULIN 1 BK) is shown on the right and the insulin-
infused (INSULIN) leg on the left.

Figure 5. The relationship between glucose uptake in the insulin-
infused leg and in the insulin and bradykinin–infused leg in the obese 
(filled circles) and nonobese (open circles) subjects.
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Discussion

The present data demonstrate two defects in skeletal muscle of
obese subjects: a defect in insulin-stimulated cellular glucose
extraction, and, a defect in endothelium-dependent vasodilata-
tion. Furthermore, we found that a 75% increase in femoral
blood flow by bradykinin had no effect on insulin-stimulated
glucose uptake. These data demonstrate that correction of one
defect does not influence the other, and thus that glucose up-
take is not limited by substrate delivery in obesity.

Limb blood flow responses to insulin have been examined
sparsely in obese subjects. Laakso et al. (35) infused insulin se-
quentially in doses ranging from 40 to 1,200 mU/m2 ? min for
over 6.5 h and found blunted blood flow responses to insulin in
obese subjects. Mandarino et al. (5) found no increase in blood
flow in either normal or obese subjects during a 3-h 40 mU/m2 ?
min insulin infusion. However, these seemingly discrepant re-
sults can be readily explained by considering the differences in
the dose and duration of the insulin infusions. In normal sub-
jects, an insulin dose of 40 mU/m2 ? min increases glucose ex-
traction 10–20-fold within 30 min (35, 36). During this time pe-
riod, blood flow does not change significantly (5, 37–42). After
the first 30–60 min, a time period during which insulin concen-
trations are physiological, glucose extraction remains constant
(36) or increases slightly (35), while blood flow increases con-
tinuously, and up to twofold within 6 h compared with baseline
values. In this study the insulin dose was 40 mU/m2 ? min and
the measurement of blood flow was performed at 50 min. Un-
der these conditions, we observed no significant difference in
insulin-stimulated blood flows between obese and nonobese
subjects, and no stimulation of blood flow by insulin. This re-
sult is entirely consistent with the previous data reviewed
above, and indicates that defects in insulin-induced vasodilata-
tion are not responsible for insulin resistance under physiolog-
ical conditions. These data do not exclude defects in insulin’s
hemodynamic effects at higher insulin concentrations or after
more prolonged infusions of insulin than those used in this
study. Indeed, given that insulin and bradykinin share an NO
synthesis–dependent mechanism of action, one would expect
to find defects in insulin-induced vasodilatation under condi-
tions where the stimulus is potent enough to clearly stimulate
blood flow. Of note, in this study blood flow was quantitated,
for the first time, within skeletal muscle in the obese subjects,
rather than in the entire limb. This approach avoids underesti-
mation of blood flow because of difference in the limb fat con-
tent between obese and nonobese subjects.

Recently, blunted vasodilatory responses to methacholine
but not sodium nitroprusside were found in obese subjects (4).
In the latter study, identical doses of both drugs (micrograms
per minute) were infused to both lean and obese subjects. The
blood flow responses to methacholine were z 50% reduced in
the obese subjects. This degree of impairment is unlikely to be
explained by a greater lean body mass in the obese subjects,
since three times more methacholine was required to achieve
comparable increases in blood flow in obese and nonobese
subjects (4). The present study was not primarily designed to
assess endothelial function, but we found that the dose of
bradykinin which increased blood flow by z 50% (25 mg over
100 min) in normal subjects was insufficient to increase blood
flow in the obese subjects by the same amount. We had to dou-
ble the bradykinin dose to increase blood flow by the same ab-
solute and relative amount as in the nonobese subjects. These

data are consistent with endothelial dysfunction in obese sub-
jects. Since bradykinin was infused under hyperinsulinemic
conditions, this abnormality could be specific to bradykinin, or
reflect an inability of insulin to potentiate bradykinin-induced
vasodilatation, or both. Both defects may exist since Steinberg
et al. found that both the ability of methacholine per se to va-
sodilate and the ability of insulin to potentiate methacholine
induced vasodilatation were impaired in obese subjects (4).
We also observed a close correlation between basal flow and
flow in the bradykinin and insulin–infused leg in both the non-
obese and obese subjects. This correlation is consistent with
data demonstrating that a significant fraction of basal flow is
endothelium dependent (43) and with the presence of subtle
defects in endothelial function even basally in the obese as
compared with the nonobese subjects.

Previous data regarding the effect of an increase in blood
flow to enhance glucose uptake are controversial. In studies
where either bradykinin (14) or adenosine (13) has been used
to increase blood flow, insulin-stimulated glucose uptake has
remained unchanged. We have also shown previously that
bradykinin has no effect on glucose uptake when infused un-
der basal conditions to normal subjects (14). In contrast,
Buchanan et al. (44) reported that angiotensin II increases glu-
cose uptake via a hemodynamic mechanism in normal sub-
jects. However, in this study angiotensin II decreased renal
plasma flow by 22–38% and insulin concentrations were signif-
icantly higher during angiotensin II than during saline infu-
sion. Also, as glucose uptake increases as a function of time
(36), it is possible that the increase in glucose uptake observed
at the end of the insulin infusion when angiotensin II was coin-
fused with insulin was due to prolonged insulin exposure
rather than angiotensin II. In keeping with this, local infusion
of angiotensin II has no effect on insulin-stimulated glucose
uptake in the forearm (45). When examining effects of flow al-
terations on glucose uptake, it is assumed that the vasoactive
agent does not have flow-independent effects on glucose up-
take. Recent studies have shown that nNOS is expressed in
skeletal muscle (10), that NOS activity may be reduced in skel-
etal muscle of obese subjects (46), and that L-NMMA de-
creases glucose transport in isolated rat skeletal muscle prepa-
rations (12). These new data imply that conclusions from
studies using L-NMMA (9) to modulate blood flow should be
interpreted with caution. Taken together, modulation of blood
flow by intraarterially administered agents, which themselves
do not affect glucose uptake (adenosine, bradykinin, and an-
giotensin II) do not appear to change glucose uptake. The
present data are consistent with these previous observations,
and are the first to demonstrate that enhancement of blood
flow in obese individuals with defects in both endothelium-
dependent vasodilatation and insulin-stimulated glucose up-
take does not augment glucose uptake.

In keeping with previous data, the obese subjects exhibited
an z 60% reduction in whole body glucose uptake, and also
in femoral muscle glucose uptake compared with the nonobese
subjects. Assuming that the nonobese males had 40% muscle
of body weight (47), the measured muscle glucose uptake rate
(56 mmol/kg ? muscle ? min) accounted for 70% of total body
glucose uptake, as measured using the clamp technique (32
mmol/kg ? min). This estimate is in perfect agreement with pre-
vious estimates, obtained using the AV-balance technique,
of the contribution of muscle tissue to whole body glucose up-
take (47).
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When we calculated glucose AV differences across femoral
muscle by dividing glucose uptake by blood flow, we found
glucose extraction to be 64% lower in the obese than in the
nonobese subjects. This result is consistent with previous data
from in vivo studies (3, 5, 35) demonstrating impaired cellular
glucose utilization to be the major cause for insulin resistance
in obesity. Studies performed in intact strips of human skeletal
muscle have demonstrated decreased rates of glucose trans-
port (48) and early defects in insulin signaling (impaired insu-
lin receptor and IRS-1 phosphorylation and PI3-kinase activ-
ity) (49). Defects in transcapillary transport of insulin do not
explain insulin resistance in obesity under steady-state condi-
tions since obese subjects have markedly diminished glucose
uptake rates despite having supranormal interstitial insulin
concentrations (3).

The present data have implications for design of therapeu-
tic strategies aimed at reducing the risk of cardiovascular dis-
ease in obese subjects. Although both hyperinsulinemia and
endothelial dysfunction predispose to atherosclerosis (50–52),
these abnormalities appear to be mechanistically unrelated
and anatomically distinct. Therefore, it is unlikely that drugs
which merely enhance blood flow and glucose or insulin deliv-
ery to the interstitial space will beneficially influence glucose
homeostasis, while drugs such as the thiazolidinediones, which
have insulinomimetic (53) and antioxidant actions (54, 55),
could potentially correct both defects.
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