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Abstract

The sympathetic nervous system is an important regulatory
mechanism of both metabolic and cardiovascular function, and
altered sympathetic activity may play a role in the etiology
and/or complications of obesity. In lean subjects, insulin
evokes sympathetic activation and vasodilation in skeletal mus-
cle. In obese subjects such vasodilation is impaired and, in turn,
may contribute to insulin resistance. To examine the relation-
ship between sympathetic and vasodilatory responses in skele-
tal muscle to hyperinsulinemia, we simultaneously measured
muscle sympathetic nerve activity (MSNA ) and calf blood flow
at basal and during a 2-h hyperinsulinemic (6 pmol/kg per
min) euglycemic clamp in eight lean and eight obese subjects.
The major findings of this study are twofold: obese subjects had
a 2.2 times higher fasting rate of MSNA, and euglycemic hy-
perinsulinemia, which more than doubled MSNA and in-
creased calf blood flow by roughly 30% in lean subjects, had
only a minor vasodilatory and sympathoexcitatory effect in
obese subjects. In contrast, two non-insulin-sympathetic stim-
uli evoked comparably large increases in MSNA in lean and
obese subjects. We conclude that insulin resistance in obese
subjects is associated with increased fasting MSNA and a spe-
cific impairment of sympathetic neural responsiveness to physi-
ological hyperinsulinemia in skeletal muscle tissue. (J. Clin.
Invest. 1994. 93:2365-2371.) Key words: microneurography o
hyperinsulinemic euglycemic clamp « insulin resistance  energy
expenditure * muscle blood flow

Introduction

The sympathetic nervous system is an important regulatory
mechanism of both metabolic and cardiovascular function,
and evidence has been provided that sympathetic activity may
be altered in animal models of obesity (1, 2). Resistance to
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insulin-mediated glucose disposal in skeletal muscle is a hall-
mark of obesity (3-5), and there is abundant evidence indicat-
ing that such resistance is taking place, at least in part, at the
level of insulin-sensitive cells (3-7). More recently, evidence
has accumulated, suggesting that mechanisms proximal to in-
sulin-stimulated cellular glucose uptake, and possibly related
to altered vascular function, also may contribute to insulin
resistance (8-10). For example, in dogs, transcapillary trans-
port of insulin from plasma to interstitium is rate limiting for
insulin-mediated glucose uptake (8), and, using the microdia-
lysis technique, such evidence has also been provided in hu-
mans (11). In lean humans, Laakso et al. (10) found that insu-
lin-induced stimulation of muscle blood flow may be an im-
portant determinant of insulin-mediated glucose uptake in
skeletal muscle tissue. In obese insulin-resistant subjects, insu-
lin loses its ability to stimulate muscle blood flow, a defect that
has been proposed to contribute to decreased skeletal muscle
glucose uptake (10). However, the underlying mechanisms
leading to such an impairment of insulin-induced stimulation
of muscle blood flow remain unknown.

In lean healthy subjects, insulin-induced stimulation of
muscle blood flow consistently is accompanied by a marked
stimulation of sympathetic neural outflow to the same vascular
bed (12-14). Such sympathetic activation may modulate mus-
cle blood flow in two ways. First, this sympathetic activity is
thought to be at least in part sympathetic vasoconstrictor be-
cause it is accompanied by stimulation of norepinephrine re-
lease (15). Alternatively, such sympathetic activation, by stim-
ulation of neural sympathetic vasodilator mechanisms, could
contribute to vasodilation in skeletal muscle. Data in experi-
mental animals regarding effects of insulin resistance and obe-
sity on insulin-induced sympathetic responses are conflicting.
For example, in insulin-resistant rats, there is evidence that
sympathetic nerve responses to insulin are markedly aug-
mented (16). On the other hand, in models of genetically in-
herited obesity in rodents, diet-induced sympathetic respon-
siveness is impaired (17). Thus, while there is considerable
evidence in experimental animals that obesity may alter sympa-
thetic nerve responses to acute hyperinsulinemia, this evidence
is conflicting, and no data exist in humans. We therefore di-
rectly measured sympathetic nerve discharge to skeletal muscle
and its relationship to calf blood flow in insulin-resistant obese
subjects and in lean, healthy volunteers during insulin/glucose
infusion (euglycemic hyperinsulinemic glucose clamp). To
provide further insight into this relationship, we then examined
dose-response curves of muscle sympathetic nerve activity
(MSNA)! and calf blood flow in lean subjects to insulin/glu-
cose infusion performed at different rates.

1. Abbreviation used in this paper: MSNA, muscle sympathetic nerve
activity.

2365



Methods

Subjects

Eight obese subjects (weight 93.8+6.0 kg, height 166+4 cm, body mass
index 33.8+1.6 kg/m?, age 38+3 yr, mean+SE) and eight age- and
sex-matched lean, healthy subjects (weight 63.5+4.2 kg, height 168+5
cm, body mass index 22.2+0.7 kg/m?, age 37+3 yr) participated in this
study after providing informed written consent. All subjects were nor-
motensive, had normal glucose tolerance, were taking no medication,
and had no evidence of metabolic or cardiovascular disease at the time
of the study. All tests were conducted in the morning after an overnight
fast. Subjects had been on a weight maintaining diet containing at least
40% energy as carbohydrates for 3 d before the tests. The experimental
protocol was approved by the Institutional Review Board on Human
Investigation.

General procedures

Subjects were studied in the supine position. Heart rate (electrocardio-
gram), respiratory excursions (pneumobelt), blood pressure (Finapres
blood pressure monitor; Ohmeda, Englewood, CO) (18), calf blood
flow (venous occlusion plethysmography) (19), and efferent MSNA
were recorded continuously on an electrostatic recorder and on a tape
recorder (R71; TEAC, Corp., Tokyo, Japan). Respiratory excursions
were monitored to detect inadvertent performance of a Valsalva ma-
neuver or prolonged expiration; these respiratory maneuvers can mark-
edly stimulate MSNA (20). Intravenous catheters were inserted in a
right and a left antecubital vein, one for substrate infusion and the
other for blood sampling. Urine was collected before and at the end of
the study for nitrogen determination.

Experimental protocols

Protocol 1: hyperinsulinemic euglycemic clamp. After instrumentation
and 1 h of baseline measurements, all subjects received a primed contin-
uous infusion of crystalline insulin (Actrapid HM; Novo Industri S/ A,
Bagsvaerd, Denmark) at a rate of 1 mU/kg per min (6 pmol/kg per
min) for 2 h. Euglycemia was maintained by determining plasma glu-
cose concentration every 5 min and periodically adjusting a variable
infusion of 20% dextrose (21). Hypokalemia was prevented by adminis-
tration of KC1 infused at a rate of 4 mmol/h. Hemodynamic measure-
ments and sympathetic nerve activity were recorded for 5 out of every
15 min throughout the study. Blood samples were collected in the basal
state and at timed intervals throughout the study for analysis of sub-
strate and hormone concentrations.

To assess sympathetic responsiveness to noninsulin stimuli, we
used baroreceptor deactivation evoked by the Valsalva maneuver (20)
and stimulation of cutaneous afferents by 2-min immersion of the
hand in ice water (cold pressor test) (22).

Protocol 2: low dose hyperinsulinemic euglycemic clamps in lean
subjects. To provide further insight into the relationship between sym-
pathetic and vasodilatory responses, we examined dose-response
curves of MSNA and calf blood flow in lean subjects to insulin glucose
infusion performed at two different rates. Five of the lean subjects
(weight 65.5+4.6 kg, height 168+4 cm, body mass index 22.7+0.9
kg/m?, age 35+4 yr) participated in these studies. The protocol was the
same as above, except that insulin was infused at a rate of 0.5 mU /kg
per min for 2 h on one occasion and at a rate of 0.15 mU/kg per min
for 2 h on another occasion.

Recording of sympathetic nerve activity

Multiunit recordings of sympathetic nerve activity were obtained with
unipolar tungsten microelectrodes inserted selectively into muscle
nerve fascicles of the peroneal nerve posterior to the fibular head by the
microneurographic technique of Vallbo et al. (23). The neural signals
were amplified (by 20-50 X 103), filtered (band width 700-2,000 Hz),
rectified, and integrated (time constant 0.1 s) to obtain a mean voltage
display of sympathetic activity. A recording of MSNA was considered
acceptable when it revealed spontaneous, pulse-synchronous bursts of
neural activity that increased during the Valsalva maneuver, but not
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during arousal stimuli such as loud noise. For analysis, filtered and
mean voltage neurograms were inspected visually on hard copy to
identify bursts of sympathetic nerve discharge. Nerve recordings were
analyzed with the investigator blinded to group and insulin dose assign-
ment of the subject. In our laboratory, the intraobserver and interob-
server coefficients of variation of the mean in identifying bursts are
< 6% and < 9%, respectively (14). Nerve traffic was expressed both as
bursts per minute, an index of the frequency of the activity, and as
bursts per minute times mean burst amplitude, an index of integrated
(total) activity.

Calf blood flow

Blood flow in the calf was measured with venous occlusion plethysmo-
graphy, using mercury-in-silastic strain gauges (19). The calf was ele-
vated 10-15 cm above the level of the right atrium to collapse the veins.
The circulation to the foot was arrested by inflating a cuff around the
ankles during blood flow determinations, which were performed at
15-s intervals for 5 min.

Indirect calorimetry

Energy expenditure and substrate utilization were calculated from re-
spiratory gas exchanges (determined by a computerized, flow-through
canopy gas analyzer system [ Deltatrac; Datex, Helsinki, Finland]) and
urinary nitrogen excretion, after correction for changes in the body
urea nitrogen pool as described earlier (14). Total glucose uptake was
assumed to be equal to exogenous glucose infusion. The rate of nonoxi-
dative glucose disposal was calculated by subtracting the rate of glucose
oxidation from the rate of steady state glucose uptake.

Analytical methods

Plasma glucose was determined in duplicate by the glucose oxidase
method on a glucose analyzer (Beckman Instruments, Inc., Fullerton,
CA). Plasma insulin was measured by radioimmunoassay (24), cate-
cholamines by HPLC (25), blood urea nitrogen using a urea analyzer
(Beckman Instruments, Inc.), plasma free fatty acid concentrations by
a colorimetric method using a kit from Wako (Freiburg, Germany),
and urinary nitrogen by the Kjehldahl method.

Data analysis
Mean arterial pressure was calculated as diastolic pressure plus one-
third pulse pressure. Vascular resistance in the calf was calculated as
mean arterial pressure in millimeters of mercury divided by blood flow
in milliliters per minute per 100 ml tissue and expressed in units.
The 5 min of data from intraneural recordings of MSNA, calf blood
flow, blood pressure, and heart rate collected every 15 min were aver-
aged to a single value. Whole body glucose uptake, energy expenditure,
and substrate oxidation were averaged for 30-min periods. Statistical
analysis was performed using ANOVA for repeated measures and
paired ¢ tests with the Bonferroni adjustment for multiple comparisons.
Unpaired ¢ tests were used to compare lean with obese subjects. Corre-
lation coefficients were calculated according to the method of least
squares. A P value < 0.05 was considered statistically significant. Data
are given as mean+SE.

Results

Plasma glucose and insulin. Plasma glucose concentrations
during the basal period were comparable in both groups,
whereas plasma insulin concentrations as expected were signifi-
cantly higher in obese than in lean subjects (Table I). During
the hyperinsulinemic euglycemic clamp, the coefficients of vari-
ation in plasma glucose concentration were comparable in
obese and lean subjects: 4.3 and 4.0%, respectively. During the
euglycemic hyperinsulinemic clamp, plasma insulin concen-
trations increased to significantly higher concentrations (P
< 0.05) in obese than in lean subjects (643147 vs 449+48
pmol/liter, by the end of the second hour of infusion).



Table I. Responses to 2-h Insulin Infusion (Euglycemic Clamp) in Lean and Obese Subjects

Lean subjects

Obese subjects

Insulin infusion
(1 mU/kg per min)

Insulin infusion
(1 mU/kg per min)

Basal 60 min 120 min Basal 60 min 120 min

Heart rate (beats/min) 6613 69+4* 70+3* 67+4 72+4* 74+4*
Blood pressure (mmHg)

systolic 1356 138+6 1415 1413 14412 150+3*

diastolic 80+4 83+3 82+3 79+2 80+1 81+2

mean 99+4 101+4 1014 99+2 1021 103+2
MSNA (burst/min) 17+3% 28+6* 32+45* 37+5 39+6 41£5*%

()i 217+38% 364+80* 618+136* 486+63 587+103* 586+98*
Calf blood flow (mi/100 ml per min) 2.0+0.2 2.5+0.3*% 2.5+0.3% 1.620.1 1.6+0.1 1.7+0.1*
Calf vascular resistance (U) 55+8% 40+8* 40+7* 66+5 67+5 64+5
Glucose (mmol/liter) 5.4+0.2 5.0+0.2¢ 5.1+0.1 5.7+£0.2 5.6+0.1 5.3+0.1*
Insulin (pmol/liter) 48+6% 433+44% 449+48%% 103+9 688+60* 643+47*
Norepinephrine (nmol/liter) 1.35+0.15 2.10+0.34* 2.05+0.34* 1.59+0.21 2.06+0.26* 2.11+£0.27*

Entries are mean+SE for eight subjects in each group. Hemodynamic and MSNA measurements represent the average value of three 5-min pe-
riods of basal and the average of the last 5 min of the first and second hour of infusion. ¢ MSNA given in U (bursts/min - mean burst ampli-

tude); * P < 0.05 vs corresponding basal period;

MSNA, calf blood flow, and calf vascular resistance. At ba-
sal, obese subjects had a significantly higher rate of sympathetic
firing than lean subjects (37+5 vs 17+3 bursts/min). In lean
subjects, the 2-h euglycemic hyperinsulinemic clamp markedly
stimulated both MSNA and calf blood flow; it increased
MSNA burst frequency by 94+10% and calf blood flow by
29+5%, whereas it decreased calf vascular resistance by 20+3%
(Table I, Figs. 1 and 2). In contrast, in obese subjects, even
though 2 h of insulin/glucose infusion increased plasma insu-
lin concentrations to significantly higher levels, it evoked mark-
edly smaller increases in MSNA burst frequency (9+3%, P
< 0.05 vs lean) and had no detectable effect on calf blood flow
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and calf vascular resistance ( Table I, Figs. 1 and 2). The former
finding is not caused by a nonspecific impairment of sympa-
thetic outflow by obesity, since noninsulin stimuli to sympa-
thetic outflow evoked comparably large increases in MSNA
burst frequency in obese and lean subjects. Peak sympathetic
burst frequencies in obese and lean were 71+8 and 67+4
bursts/min, respectively (P> 0.1, obese vs lean), during a Val-
salva maneuver; during a cold pressor test, peak MSNA re-
sponses were 54+6 and 45+3 bursts/min, respectively (P
>0.1).

When the data of all 16 subjects included in this study were
analyzed, there was a direct correlation between fasting insulin-
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Figure 1. Segments of simultaneous re-
cordings of MSNA and calf blood flow in a
lean (¢op) and an obese ( botzom) subject
obtained at basal and during the last 5 min
of a 2-h insulin infusion (euglycemic
clamp). On these mean voltage displays of
MSNA, each peak represents a spontaneous
burst of sympathetic discharge. Even
though in this obese subject insulin glucose
infusion resulted in plasma insulin concen-
21 trations that were higher than those ob-
served in this lean subject, they did not
have any detectable stimulatory effect on
sympathetic nerve activity or blood flow

in skeletal muscle.
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Figure 2. Line graphs showing the effects on plasma insulin concen-
tration, calf vascular resistance, and MSNA of a 2-h insulin infusion
(1 mU/kg per min, euglycemic hyperinsulinemic clamp) in lean
(e— @) and obese (0—0O) subjects. Data represent mean+SE for
eight subjects in each group. * P < 0.05 lean vs obese subjects. Even
though insulin infusion in obese subjects increased plasma insulin
concentrations to significantly higher levels than in lean subjects, such
hyperinsulinemia did not have any detectable effect on either MSNA
or calf vascular resistance.

emia and fasting MSNA burst frequency (7 = 0.56, P < 0.03),
whereas fasting MSNA burst frequency and glucose uptake
during the last 30 min of insulin/glucose infusion were in-
versely related (r = 0.68, P < 0.004).

Plasma norepinephrine and potassium. In both lean and
obese subjects, plasma norepinephrine had increased signifi-
cantly (P < 0.05) by the end of the 2-h euglycemic hyperinsu-
linemic clamp (Table I).

Serum potassium remained within the normal range in
both groups. Plasma potassium concentrations at the end of
the 2-h infusions of insulin/glucose were 3.6+0.1 in lean and
3.6+0.1 mmol/liter in obese subjects.

Blood pressure and heart rate. In both groups, blood pres-
sure increased slightly during insulin/glucose infusion; in lean
subjects this increase (2+2 mmHg) in mean arterial pressure
was not statistically significant, whereas in obese subjects this
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increase (4+1 mmHg) did reach statistical significance (P
< 0.05). Heart rate increased significantly in both study groups
(Table I).

Carbohydrate metabolism and energy expenditure. Insulin
infusion at the same rate resulted in markedly smaller stimula-
tion of total glucose uptake, carbohydrate oxidation, and non-
oxidative glucose disposal in obese than in lean subjects (Ta-
ble II).

Low dose insulin infusion studies in lean subjects
(protocol 2)

MSNA, calf blood flow, and calf vascular resistance. Insulin/
glucose infusion, which increased plasma insulin concentra-
tions roughly 2.5-, 5-, and 9-fold, evoked increases in MSNA
and muscle blood flow and decreases in calf vascular resistance
that were comparable ( Table III, Fig. 3).

Heart rate and arterial pressure. Similar to MSNA and calf
blood flow, all three rates of insulin infusion also had a compa-
rable chronotropic effect (Table IIT). Blood pressure remained
unchanged during all three protocols.

Carbohydrate metabolism. Values for glucose uptake dur-
ing the last 30 min of insulin infusion at a rate of 1, 0.5, and
0.15 mU /kg per min were 36+4, 26+3, and 12+1 umol/kg per
min, respectively.

Discussion

There is increasing evidence that an impairment in insulin-in-
duced stimulation of muscle blood flow may represent one
important mechanism contributing to insulin resistance in
obese humans (10). However, the underlying mechanisms that
may lead to such an impairment are incompletely understood.
More specifically, little is known about the relationship be-
tween insulin-induced sympathetic activation and vasodilation
in skeletal muscle during euglycemic hyperinsulinemia. The
ability to perform simultaneous measurements of sympathetic
neural outflow and blood flow to skeletal muscle tissue allowed
us to directly examine this issue. The principal new findings are
that (a) obese subjects had higher rates of sympathetic nerve
discharge to skeletal muscle than lean subjects; (b) euglycemic
hyperinsulinemia at high physiological concentrations, which
in lean subjects consistently evoked marked increases in both
calf blood flow and muscle sympathetic nerve discharge, had
only minor vasodilatory and sympathoexcitatory effects in
obese insulin-resistant subjects; and (¢) low dose insulin infu-
sion in lean subjects, which increased plasma insulin concen-
trations to levels similar to those observed in fasting obese sub-
jects, elicited sympathetic and vasodilatory effects in skeletal
muscle tissue that were similar to those evoked by high physio-
logic hyperinsulinemia. These findings indicate that in humans
insulin resistance is associated with increased fasting MSNA
and an impairment of sympathetic neural and vasodilatory re-
sponsiveness to high physiological hyperinsulinemia in skeletal
muscle, a major insulin-sensitive tissue. Moreover, these find-
ings provide evidence that the impairment in insulin-induced
vasodilation in obese subjects is not related to exaggerated in-
sulin-induced stimulation of sympathetic vasoconstrictor out-
flow.

The present data represent the first demonstration in hu-
mans that not only insulin-induced stimulation of blood flow
but also insulin-induced stimulation of sympathetic neural
outflow to skeletal muscle tissue are impaired in obese subjects.



Table I1. Response to 2-h Insulin Infusion (Euglycemic Clamp) in Lean and Obese Subjects

Lean subjects

Obese subjects

Insulin infusion
(1 mU/kg per min)

Insulin infusion
(1 mU/kg per min)

30-60 min

90-120 min Basal 30-60 min 90-120 min

Energy expenditure

(kcal/min) 0.93+0.06 1.01+0.07* 1.01+0.07* 1.12+0.05% 1.20+0.05%* 1.19+0.05*

(kJ/min) 3.92+0.25 4.21+0.29* 4.33+0.29* 4.69+0.21 5.03+0.20* 5.00+0.20*
Carbohydrate oxidation

(mg/kg per min) 1.30+0.22 2.74+0.28* 3.16+0.32* 1.07+0.22 2.17+0.37* 2.21+0.36*

(umol/kg per min) T+1 1542* 18+2* 6+l 10£2* 1242*
Total glucose uptake

(mg/kg per min) — 6.17+0.82* 7.18+0.52* —_ 3.39+38% 3.50+0.42*

(umol/kg per min) — 34+5* 40+3 — 18+2% 19+2%¢
Nonoxidative glucose disposal

(mg/kg per min) — 3.43+0.66* 4.03+0.63* — 1.22+0.36% 1.29+0.34*

(umol/kg per min) —_ 19+4* 22+4* — T2 T42%

Entries are mean+SE for eight subjects in each group. Substrate oxidation measurements represent the average value of the last 30 min of basal
and the average of the last 30 min of the first and second hour of infusion. * P < 0.05 vs corresponding basal period. * P < 0.05 lean vs obese

subjects.

This finding is not related to a nonspecific impairment of sym-
pathetic responsiveness in overweight subjects because reflex
sympathetic responses during a Valsalva maneuver and during
immersion of the hand in ice water were preserved, indicating
that in obese subjects efferent sympathetic pathways could re-
spond appropriately to baroreceptor deactivation and stimula-
tion of cutaneous afferents. This finding is also unlikely to be
related to differences between the two groups in plasma insulin
concentrations, the main stimulus of sympathetic outflow and
blood flow during insulin/glucose infusion ( 14). Indeed, even
though plasma insulin concentrations in obese subjects were

significantly higher both at the end of the first and of the second
hour of insulin infusion, they barely had any sympathoexcita-
tory (and vasodilatory) effect in skeletal muscle. Finally, the
impaired sympathetic and vasodilatory responsiveness in
obese subjects cannot be explained on the basis of resistance to
insulin stimulation of glucose uptake alone, because atten-
uated stimulation of glucose uptake during low dose insulin
infusion in lean subjects did not result in attenuated stimula-
tion of MSNA and calf blood flow.

We therefore considered an alternative possibility to ex-
plain the impaired sympathetic responsiveness to acute eugly-

Table I11. Responses to 2-h Insulin Infusion Performed at Different Rates in Lean Subjects

Insulin infusion Insulin infusion Insulin infusion
(1 mU/kg per min) (0.5 mU/kg per min) (0.15 mU/kg per min)
Basal 60 min 120 min Basal 60 min 120 min Basal 60 min 120 min
Heart rate
(beats/min) 63+3 66+4 70+4* 63+2 6714 71+8* 61+4 67+4* 66+3*
Mean arterial
pressure
(mmHg) 96+4 98+5 97+4 95+6 97+6 97+4 92+3 95+4 96+3
MSNA
(bursts/min) 18+2 25+4* 31+4* 20+4 28+5* 32+6* 15+£3 2143 28+3*
(VP 212+12 322+31* 402+52* 219+11 354+27* 413+£29* 179+6 268+30* 376+43*
Calf blood flow
(mi/100 ml per min) 1.9+0.2 2.1£0.3 2.4+0.3* 1.5+0.1 1.8+0.1* 2.0+0.1* 1.3+0.1 1.60.1* 1.6+0.1*
Calf vascular
resistance (V) 55.2+8.4 51.9+8.9 46.4+7.8* 66.1+9.2 53.8+3.5*% 48.6+3.5* 70.7+6.3 61.1+5.2* 61.7+3.7*
Glucose
(mmol/liter) 5.3+0.2 5.1+0.3 5.2+0.1 5.1+0.2 5.1+0.2 5.1+0.1 5.2+0.1 5.110.1 5.1+0.1
Insulin
(pmol/liter) 49.1+6.1 411.1+26.1*  420.7+33.7* 47.8+7.8 223.7£30.2*%  192.0+19.0%  50.5+7.3 111.4£11.1%  127£10.3%
Norepinephrine
(nmol/liter) 1.42+0.17 2.24+0.34* 1.78+0.24 1.50+0.30 2.02+0.63 1.50+0.36 1.36+0.19 2.24+0.34 1.78+0.24

Entries are mean+SEM for five subjects. Hemodynamic and MSNA measurements

last 5 min of the first and second hour of insulin infusion. * MSNA
§ P < 0.05 vs insulin infusion at a rate of 1 mU/kg per min.

Hyperinsulinemia, Sympathetic Activity, and Muscle Blood Flow in Obese Humans

represent the average value of three 5-min periods of basal and the average of the
given in U (bursts/min - mean burst amplitude). * P < 0.05 vs corresponding baseline value.
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Figure 3. Line graphs showing effects on plasma insulin concentration
and changes in calf vascular resistance and MSNA of 2-h insulin in-
fusions in lean subjects performed at three different rates (e —e, 1
mU /kg per min; o — 4, 0.5 mU/kg per min;0—0, 0.15 mU /kg
per min). Data represent mean=SE for five subjects. Even though
plasma insulin levels observed at the end of highest and the lowest
rates of insulin infusion used differed by roughly threefold, they were
associated with increases in MSNA and decreases in calf vascular
resistance that were comparable.

cemic hyperinsulinemia in obese subjects. We found that obese
subjects had markedly higher rates of sympathetic discharge to
skeletal muscle at basal than lean subjects, an observation
which is in accordance with recent findings from this and an-
other laboratory, suggesting that body fat may be an important
determinant of resting sympathetic nerve activity in humans
(26, 27). Indeed, in the present study, obese subjects had a
roughly twofold higher rate of sympathetic nerve discharge at
basal than lean subjects, a rate which tended to be still higher
than the rate observed in lean subjects at the end of a 2-h
insulin/glucose infusion. This observation raises the possibility
that such high basal rates of sympathetic nerve discharge in
obese subjects may lie close to the maximal increases in MSNA
that can be obtained by acute elevation of insulinemia to high
physiological concentrations in humans. To test this possibil-
ity, we examined effects of low dose insulin/glucose infusion
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on sympathetic nerve traffic and calf blood flow in lean sub-
jects. We found that insulin infusion both at a rate six times
and two times lower than the one used in the initial experi-
ments markedly stimulated sympathetic activity. Indeed, in-
creases in sympathetic activity were not statistically different
during the three experimental conditions. Taken together,
these findings are consistent with the interpretation that during
our initial experiments (insulin infusion at a rate of 1 mU /kg
per min) sympathetic responses to hyperinsulinemia did not
fall on the steep slope, but already fell on the upper flat part of
the stimulus-response curve relating plasma insulin concentra-
tions to efferent sympathetic discharge to skeletal muscle in
lean humans. With regard to obese subjects, two possible inter-
pretations can be considered. The attenuated sympathetic re-
sponsiveness to acute hyperinsulinemia in obese subjects may
be related to a resistance to insulin’s sympathoexcitatory effects
and thus may represent another feature of obesity-induced in-
sulin resistance. Alternatively, the high rate of sympathetic dis-
charge at basal in obese subjects, which could possibly be re-
lated to chronic hyperinsulinemia, may lie close to the maxi-
mal insulin-induced sympathetic activation in skeletal muscle
and thus may preclude the demonstration of any further in-
crease during acute elevation of plasma insulin concentrations
to high physiological levels. With regard to the former, there is
evidence for an impairment in sympathetic responsiveness in
genetically obese animal models (17), and recent findings in
humans indicate that short-term dexamethasone administra-
tion, possibly by interfering with insulin’s central neural ac-
tions, impairs insulin’s ability to stimulate both sympathetic
activity and blood flow in skeletal muscle (13). On the other
hand, preserved sensitivity to insulin’s sympathoexcitatory ef-
fects in chronically hyperinsulinemic obese subjects may lead
to sustained sympathetic activation and could represent one
potential mechanism contributing to the increased incidence
of cardiovascular complications in overweight subjects (28).

In lean subjects, sympathetic activation evoked by acute
elevation of plasma insulin to high physiological concentra-
tions does not raise blood pressure (12-14), an observation
that has been attributed to a balance between insulin’s oppos-
ing vasodilatory depressor and sympathoexcitatory pressor ef-
fects in skeletal muscle. The present finding in obese subjects,
of an attenuated insulin-induced sympathetic activation, may
offer one potential explanation for the observation that, despite
an atténuated insulin-induced depressor effect, insulin infu-
sion had only a minor effect as in the present study or, as
reported previously (29), had no effect on arterial pressure.

In contrast to MSNA and calf blood flow, heart rate in-
creased similarly in obese and lean subjects during euglycemic
hyperinsulinemia. Such increases in heart rate are thought to
be sympathetically mediated because they are abolished by
propranolol administration (30). Thus, this finding suggests
that in obese subjects attenuation of insulin-induced sympa-
thetic activation may not be generalized. This interpretation
would also be consistent with the present observation that dur-
ing insulin/glucose infusion venous plasma norepinephrine
concentrations increased significantly in both lean and obese
subjects.

In experimental animal models, there is evidence that insu-
lin resistance may be associated with exaggerated sympathetic
activation during euglycemic hyperinsulinemia (16). Simi-
larly, in hypertensive insulin-resistant humans, Lembo et al.
(15) recently provided evidence for augmented stimulation of



norepinephrine release into forearm tissue by insulin. More-
over, there is precedent in humans for the ability of sympathe-
tically induced vasoconstriction to overcome metabolically in-
duced vasodilation in skeletal muscle. For example, in exercis-
ing humans, stimulation of sympathetic vasoconstrictor
outflow by upright posture has been demonstrated to override
metabolically induced vasodilation in contracting skeletal
muscle (31). The present findings demonstrate that in obese
subjects euglycemic hyperinsulinemia at high physiological
concentrations does not have any detectable effect on calf
blood flow and calf vascular resistance, a finding which is in
accordance with a previous report ( 10). More importantly, the
present observations indicate that this lack of stimulation of
muscle blood flow cannot be explained on the basis of an aug-
mented basal and/or insulin-induced stimulation of sympa-
thetic vasoconstrictor outflow. Indeed, in any one of the lean
controls, vasodilatory responses at the end of insulin/glucose
infusion were markedly greater than those in obese subjects,
whereas sympathetic activity was comparable between the two
groups.

While the present data demonstrate strikingly different
blood flow and MSNA responses to euglycemic hyperinsuline-
mia in lean and obese subjects, they do not elucidate the under-
lying mechanism of insulin-induced sympathetic activation
and vasodilation. Potential mechanisms by which insulin may
exert its sympathoexcitatory and vasodilatory effects include
central and peripheral actions. With regard to the former, re-
cent data in rats indicate that anteroventral third ventricle le-
sions abolish sympathetic neural responses to hyperinsuline-
mia (32). This concept of a central neural action of insulin is
consistent with findings in humans, showing that local intraar-
terial insulin infusion, in contrast to systemic intravenous infu-
sion, did not have any stimulatory effect on sympathetic activ-
ity in skeletal muscle (15). Whether such sympathetic activa-
tion, by stimulation of sympathetic neural vasodilator
pathways, also contributes to insulin-induced vasodilation in
skeletal muscle remains to be determined.

In conclusion, these experimental findings in humans show
that obesity is associated with profound alterations in sympa-
thetic nerve activity characterized by increased fasting activity
and a specific attenuation of sympathetic responsiveness to hy-
perinsulinemia.
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