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Abstract Introduction

The reason why hyperinsulinemia is associated with essential
hypertension is not known. To test the hypothesis of a patho-
physiologic link mediated by the sympathetic nervous system,
we measured the changes in forearm norepinephrine release, by
using the forearm perfusion technique in conjunction with the
infusion of tritiated NE, in patients with essential hypertension
and in normal subjects receiving insulin intravenously (1 mU/
kg per min) while maintaining euglycemia.

Hyperinsulinemia (50-60 jsU/ml in the deep forearm vein)
evoked a significant increase in forearm NE release in both
groups of subjects. However, the response of hypertensives was
threefold greater compared to that of normotensives (2.28±45
ng. liter-' * min' in hypertensives and 0.80±0.27 ng. liter-' in
normals; P < 0.01). Forearm glucose uptake rose to 5.1±.7
mg* liter-' * min- in response to insulin in hypertensives and to
7.9±1.3 mg. liter' - min' in normotensives (P < 0.05).

To clarify whether insulin action was due to a direct effect
on muscle NEmetabolism, in another set of experiments insu-
lin was infused locally into the brachial artery to expose only
the forearm tissues to the same insulin levels as in the systemic
studies. During local hyperinsulinemia, forearm NErelease re-
mained virtually unchanged both in hypertensive and in normal
subjects. Furthermore, forearm glucose disposal was activated
to a similar extent in both groups (5.0±0.6 and 5.2±1.1
mg. liter-' min-' in hypertensives and in normals, respec-
tively). These data demonstrate that: (a) insulin evokes an ab-
normal muscle sympathetic overactivity in essential hyperten-
sion which is mediated by mechanisms involving the central
nervous system; and (b) insulin resistance associated with hy-
pertension is demonstrable in the skeletal muscle tissue only
with systemic insulin administration which produces muscle
sympathetic overactivity. The data fit the hypothesis that the
sympathetic system mediates the pathophysiologic link be-
tween hyperinsulinemia and essential hypertension. (J. Clin.
Invest. 1992.90:24-29.) Key words: hypertension * insulin resis-
tance * sympathetic nervous system * norepinephrine release.
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Although the coexistence of hyperinsulinemia and essential hy-
pertension has long been recognized (1-3), the nature and the
significance of this association are far from being completely
elucidated. A critical question is whether hyperinsulinemia is
causally related to the development of hypertension and, if so,
what mechanism underlies insulin action on blood pressure
regulation. The question is under active investigation but the
data available so far are not entirely consistent. Substantial
evidence favoring a causal role of insulin comes essentially
from the studies in fructose-fed rats (4-6). In this model, insu-
lin resistance, hyperinsulinemia, and hypertension develop
and this sequence may be interrupted by preventing either in-
sulin resistance with physical exercise or hyperinsulinemia
with somatostatin (5, 6).

The relationship between insulin and human hypertension
has been extensively investigated on epidemiological ground,
less so from a mechanistic standpoint. The available clinical
data, however, tend to support the concept that the two factors
must be linked by pathophysiologic mechanisms. Particularly
relevant is the observation that a program of physical activity
or body weight control leads to a parallel reduction of hyperin-
sulinemia and blood pressure levels (7). Of interest is also the
recent observation that in the offspring of essential hyperten-
sive parents insulin resistance and hyperinsulinemia are de-
monstrable before the development of high blood pressure (8).

Among the various factors considered as potential links be-
tween insulin and blood pressure, the sympathetic nervous sys-
tem is indicated as a prime candidate for a number of reasons:
(a) in hypertensive patients, glucose intolerance and insulin
resistance with attendant hyperinsulinemia have been amply
demonstrated (3, 9, 10); (b) in normal individuals, insulin
evokes sympathetic overactivity (1 1, 12); (c) increased sympa-
thetic activity in essential hypertension, particularly in the mild
form of young hypertensives, has been documented by a vari-
ety of approaches (13, 14); and (d) sympathetic overactivity
may be potentially responsible for elevated blood pressure (15)
and may antagonize insulin action (16-20). Based on these
findings, a hypothetical sequence may be formulated where
hyperinsulinemia leads to sympathetic overactivity which, on
the one hand, raises blood pressure and, on the other hand,
deteriorates insulin sensitivity, thus aggravating the initial hy-
perinsulinemia. A crucial point in this construction is the need
to demonstrate that the sympathetic nervous system does re-
spond abnormally to insulin stimulation in hypertensive sub-
jects. The current study was designed to explore this specific
question. In particular, we used the forearm perfusion tech-
nique in conjunction with a tracer method ([3H]norepineph-
rine) to measure the changes in NErelease by the skeletal mus-
cle induced by physiological hyperinsulinemia in normal sub-
jects and in hypertensive patients.
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The study was performed at skeletal muscle level as this
tissue is an important site of insulin action in general and is
specifically responsible for insulin resistance in human hyper-
tension (21). It must be also remarked that the skeletal muscle
is involved in catecholamine-induced insulin resistance in hu-
mans (19, 22). Thus, information on insulin-norepinephnne
interaction in the muscle tissue of hypertensives could be partic-
ularly relevant to the question whether hyperinsulinemia and
hypertension indeed have a pathophysiologic link in common.

Methods

Subjects. The study group consisted of 45 subjects, 21 normotensives,
and 24 patients with established mild to moderate essential hyperten-
sion. The most relevant clinical characteristics of the subjects are given
in Table I. Diagnosis of hypertension was based on at least five consecu-
tive readings of diastolic blood pressure exceeding 95 mmHgin the
outpatient clinic. Blood pressure was measured with the patient in the
supine position, after 10 min resting in a darkened room, by means of a
standard sphygmomanometer with a cuff of appropriate size, following
the recommendations of the American Heart Association (23). None of
the patients had received any treatment for at least one month before
the study. A complete medical work-up was carried out to exclude
secondary forms of hypertension. Renal, liver, and endocrine functions
were normal. No patient had recent changes in body weight or dietary
habits, and none had intercurrent illnesses. Normal body weight
(< 20% above or below desirable body weight, according to life insur-
ance tables [24]) and normal tolerance to a 75-g oral glucose load (ac-
cording to the criteria of the National Diabetes Data Group [25]) were
additional criteria for the inclusion in the study. No subject was en-
gaged in competitive sports or did intense physical activity during the
two days preceding the study. Written informed consent was obtained
from all participants. The experimental protocol was approved by the
Ethical Committee of the University of Naples School of Medicine.

Procedures. The studies were begun at 8 a.m. in a quiet room with a
constant temperature of 22-240C. All subjects were studied in the
postabsorptive state in the supine position after 12- to 15-h overnight
fast. The forearm perfusion technique (26) was performed as previ-
ously described (27). A plastic cannula was introduced in a retrograde
manner into a large antecubital vein and threaded as deeply as possible.
Under these conditions, the effluent venous blood drained predomi-
nantly muscle tissue. A second cannula was inserted into the ipsilateral
brachial artery. This was used for infusion of indocyanine green dye
(Cardio-Green; Hynson, Westcott, and Dunning Products, Baltimore,
MD) to measure forearm blood flow, as well as to sample blood enter-
ing the forearm and to measure systemic arterial pressure by means of
Statham P23Db pressure transducer (Gould, Inc., Instruments Div.,
Cleveland, OH). Systolic and diastolic blood pressure were simulta-
neously recorded on a multichannel polygraph (Gould Inc., Medical
Products Div., Oxnard, CA). An electrocardiographic lead was moni-
tored during the study to measure heart rate. A contralateral arm vein
was also cannulated for the infusion of test substances. During blood
collection, a sphygmomanometer cuff placed around the wrist was in-
flated 100 mmHgabove the systolic arterial pressure to exclude the
hand from the circulation. Soon after blood collection, indocyanine

Table L. Clinical Characteristics of the Subjects

Age Sex Body mass index Mean arterial pressure

yr M:F kg/M2 mmHg

Normotensives 33±3* 15:6 25.4±0.4 98±2
Hypertensives 36±2 17:7 25.2±0.5 127±2t

* Mean+SE. * P < 0.05 (unpaired t test).

green dye was infused through the arterial catheter, while keeping the
cuff inflated around the wrist. After 4-5 min, a venous blood sample
was taken to measure the plasma concentration of the dye.

After complete instrumentation, a minimum of 30 min of quiet rest
preceded the three measurements of basal hemodynamics and venous
and arterial blood samplings, made at 15-min intervals. Afterwards,
one of the following protocols was performed: (a) systemic insulin infu-
sion, or (b) intrabrachial insulin infusion. In the systemic insulinization
protocol, the subjects (12 normals and 14 hypertensives) received an
infusion of human regular insulin into a contralateral vein at a rate of 1
mU/kg per min for 120 min to raise peripheral insulin concentration to
levels comparable to those normally achieved postprandially (~ 60
AU/ml). To maintain plasma glucose at its basal value, in spite of sys-
temic hyperinsulinemia, a variable amount of glucose was also infused.
The glucose infusion rate was adjusted by measuring arterial plasma
glucose levels at 5-min intervals by means of a glucose analyzer (Beck-
man Instruments, Fullerton, CA). In the local insulinization protocol,
the subjects (9 normals and 10 hypertensives) received human regular
insulin directly into the brachial artery at a rate of 0.05 mU/kg per min.
This rate was chosen so as to expose the forearm tissues to a compara-
ble insulin concentration to that achieved with systemic insulinization
(28). For this purpose, a double lumen catheter with the distal hole
separated by - 4 cm from the proximal one (Arrow International Inc.,
Reading, PA) was introduced into the brachial artery. The distal lumen
was used for insulin and green dye infusion, whereas the proximal
lumen was used to sample arterial blood entering the forearm, uncon-
taminated by solutions infused downstream, and to measure arterial
blood pressure. Arterial and venous blood sampling and blood flow
measurements were performed at 60, 90, and 120 min during either
systemic or local insulin administration.

A potential problem with intraarterial infusion is that the infusate
may not completely mix with the arterial blood, thus resulting in
streaming and not uniform exposure of forearm tissues to the infused
substance. As reported in a previous study (28), we tried to minimize
this problem and assessed its importance by checking the concentra-
tion of the intraarterially infused dye in two different veins draining the
forearm. We found that lack of significant streaming (dye concentra-
tion difference < 20%) occurred in almost 90% of the tested cases
(n= 16).

As specified below, net NE balance across the forearm muscle was
calculated as the product of the arterial (A)'-venous (V) concentration
difference and the forearm plasma flow. However, forearm NEbalance
represents the algebraic sum of production and uptake of the neuro-
transmitter. To understand the mechanism whereby a given change in
NE balance occurs, it is necessary to quantify the two processes sepa-
rately. To this end, NE release was directly measured in subgroups of
subjects by using simultaneously the balance approach, as described
above, together with a tracer technique based on primed constant infu-
sion of tritiated norepinephrine. This combined balance-tracer ap-
proach was performed in eight normals and seven hypertensives in the
systemic insulin infusion protocol and in five normals and five hyper-
tensives in the local insulin protocol. In particular, 40 min before start-
ing insulin administration, the subjects received intravenously a prim-
ing dose (27 uCi) of L-[2,5,6-3H]norepinephrine (New England Nu-
clear, Boston, MA; sp act 43.7 Ci/mmol) diluted in 0.9% saline
containing ascorbic acid (2 mg/ml), followed by a constant infusion
(0.63 ACi/min) which was continued throughout the study period.

Analytical methods. Plasma glucose (PG) was determined on a glu-
cose analyzer (Beckman Instruments) and converted to blood glucose
(BG) by using the formula BG = PG (1 - 0.3 X hematocrit). Plasma
FFA concentration was measured by an enzymatic procedure (29).
Plasma insulin was measured by radioimmunoassay (30). The plasma
concentration of indocyanine green dye was measured spectrophoto-
metrically. Plasma catecholamines were partially purified by batch alu-

1. Abbreviations used in this paper: A, arterial; FNU, forearm NE up-
take; V, venous.

Insulin and Muscle Norepinephrine Release in Hypertension 25



Table IL Effects of Systemic Insulin Administration
on Hemodynamic Parameters

Systolic arterial Diastolic arterial
pressure pressure Heart rate

mmHg mmHg beats/min

Normotensives
(n = 12) Base 135±3* 73±2 67±2

Insulin 138±4 74±2 67±3
Hypertensives

(n = 14) Base 168±40 95±2§ 68±2
Insulin 167±5 93±3 72±2§

* Mean±SE. t P < 0.01 as compared with normotensives (unpaired t
test). § P < 0.05 as compared with baseline (paired t test).

The forearm fractional extraction (FE) of [3H]norepinephrine was
calculated by the equation: FE = (A - V)/A; where A and V are plasma
concentrations of tritiated NE in arterial and venous samples, respec-
tively. NEclearance was obtained by multiplying NEfractional extrac-
tion by the forearm plasma flow. Forearm NEuptake (FNU) was thus
obtained according to the formula: FNU= NEclearance X arterial NE
concentration. Once FNUwas calculated, forearm NErelease was eas-
ily obtained by subtracting FNUfrom the net NEbalance.

For each parameter the three observations made in the basal state
(-30, -15, and 0 min) or during insulin infusion (60,90, and 120 min)
were averaged. This was possible since within each condition (basal or
insulin period) there was no statistical difference in the mean values of
the various parameters (two-way analysis of variance). Thus, subse-
quent statistical analysis to test insulin's effect was performed by the
paired t test since only two means were involved. The unpaired t test
was used to compare normotensives with hypertensives. Results are
presented as mean±SE.

Results

mina extraction (31), separated using ion-pairing reverse phase high
pressure liquid chromatography (gBondapak C18 column, Powerline
600A chromatography system, and WISP 700 as autoinjector; Waters
Associates, Millipore Corp., Milford, MA), and quantified by a current
produced upon exposure of the column effluent to oxidizing and then
reducing potentials connected in series (Coulochem 5 100A; ESA, Inc.,
Bedford, MA) (32). Recovery through the alumina extraction step, cal-
culated using dihydroxybenzylamine as an internal standard, ranged
60-70% and each sample was corrected for its recovery. Detection lim-
its were 3 pg and 5 pg injected for norepinephrine and epinephrine,
respectively. Intraassay and interassay variation coefficients for norepi-
nephrine were 4.1 and 9.8%, and for epinephrine were 6.2 and 12%,
respectively. The amount of [3H]norepinephrine in plasma and infu-
sate were measured in fractions of the column effluent corresponding
in retention time to that of norepinephrine. The fractions were col-
lected into scintillation vials using a fraction collector (Helirac; LKB
Instruments Inc., Bromma, Sweden) and the tritium was assayed by
liquid scintillation spectrometry (Tricarb Liquid Scintillation Analyzer
2000 CA; Packard Instrument Co., Inc., United Technologies,
Downers Grove, IL).

Calculations and data analysis. Whole body glucose uptake ex-
pressed as molar value represents the glucose infused to maintain basal
glycemic levels during the last 40 min of the study period. Forearm
plasma flow was estimated by dividing the dye infusion rate by its
concentration in the venous plasma and converted to blood flow ac-
cording to the hematocrit. The forearm balance was calculated by mul-
tiplying the arterial-deep vein concentration difference by the forearm
blood (glucose) or plasma (NE) flow and was normalized by the fore-
arm volume in liters calculated by water displacement. Positive or nega-
tive balance values indicate uptake or release, respectively.

Systemic insulinization. As expected, systolic and diastolic
blood pressures were significantly higher in hypertensives than
in normotensives, and did not change significantly during insu-
lin infusion in both groups (Table II). Heart rate was compara-
ble in the two groups in basal conditions and increased slightly
during hyperinsulinemia only in hypertensive patients (P
< 0.05). Estimated forearm blood flow was similar in the two
groups in the basal state and increased slightly but not signifi-
cantly after insulin administration (Table III).

As shown in Table III, basal arterial blood glucose concen-
trations were similar in normal and hypertensive subjects, and
remained virtually unchanged during insulin infusion in both
groups. Plasma insulin concentration in the deep forearm vein
was similar in the basal state in the two groups and increased to
a comparable extent during systemic insulin infusion. Whole
body glucose utilization (M value) rose to 5.8±0.5 and 4.6±0.3
mg/kg per min in response to insulin in normotensives and
hypertensives, respectively (P < 0.05). Forearm glucose uptake
in the basal state was not statistically different in normal and
hypertensive subjects and increased considerably in response
to insulin infusion in both groups. However, the levels attained
in hypertensive patients were significantly lower than those ob-
served in control subjects (P < 0.05) (Table III).

In normal subjects, forearm NE balance was statistically
indistinguishable from zero both in the basal state and during
insulin infusion. In contrast, in the hypertensive patients fore-
arm NEbalance increased fourfold during hyperinsulinemia (P

Table III. Effects of Systemic Insulin Administration on Glucose and Norepinephrine Metabolism in the Forearm Skeletal Muscle

Deep-vein plasma Forearm blood Arterial blood Glucose Arterial plasma Norepinephrine
insulin flow glucose uptake norepinephrine balance

giU/mI ml- liter' - min-' mg/dl mg- liter' - min-' pg/ml ng- liter' - min-'

Normotensives
(n = 12) Base 5±1* 32±4 80±2 1.1±0.2 197±19 0.17±0.29

Insulin 51±7* 35±5 78±2 7.9±1.3* 278±28* -0.15±0.37
Hypertensives

(n = 14) Base 6±1 31±4 79±3 1.3±0.4 180±22 -0.34±0.27
Insulin 56±7$ 34±4 78±2 5.1 ±0.7§t 244±25 - 1.47±0.54t§

* Mean±SE. * P < 0.05 as compared with baseline (paired I test). 1PP < 0.001 as compared with baseline (paired t test). § P < 0.05 as compared
with normotensives (unpaired t test).
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Table IV. Effects of Systemic and Local Insulin Administration on Forearm Norepinephrine Kinetics

Arterial plasma Arterial A-V NE fractional Forearm NE Forearm NE Forearm NE
NE plasma 3H-NE plasma3H-NE extraction clearance uptake release

pg/ml dpm/ml dpm/ml 5 ml- liter' * mini-' ng- liter-' min-' ng- liter-' * min'

Normotensives
(n = 8) Base 197±28* 470±38 344±43 70±5 12±2 2.18±0.33 2.33±0.55

Systemic insulin 265±28* 483±56 321±52 65±5 11±1 2.74±0.43t 3.13±0.71*
Hypertensives

(n = 7) Base 169±29 520±69 344±44 67±3 9±1 1.71±0.28 1.63±0.30
Systemic insulin 235±39* 525±80 352±63 64±2 11±1 2.70±0.37t 3.91±0.62§

Normotensives
(n = 5) Base 137±14 425±51 295±58 67±6 13±3 1.96±0.56 1.95±0.71

Local insulin 142±18 456±84 306±84 64±6 14±4 2.10±0.80 1.99±0.93
Hypertensives

(n = 5) Base 207±38 541±13 403±11 74±2 10±1 2.04±0.28 2.10±0.37
Local insulin 207±29 594±20 427±16 67±5 10±1 2.17±0.46 2.09±0.55

* Mean±SE. * P < 0.05 as compared with baseline (paired t test). § P < 0.001 as compared with baseline (paired t test).

< 0.05), thus becoming a substantial net production (Ta-
ble III).

Table IV reports the changes in NE kinetics induced by
insulin in the subgroup of subjects receiving [3H]norepineph-
rine. The basic data used for the calculations are also reported.
Comparable values of NE fractional extraction and clearance
were found during both the basal state and the hyperinsulin-
emic period. Accordingly, forearm NE uptake was similar in
the basal state and increased comparably in the two groups
during insulin infusion (P < 0.05). During the hyperinsuline-
mic period, forearm NE release increased significantly by 35%
in normotensives (P < 0.05). This response was considerably
greater in the hypertensive patients in whom forearm NE re-
lease increased by 140% (P < 0.001). The mean absolute
change in forearm NE release during hyperinsulinemia was
threefold higher in hypertensive (2.28±0.45 ng. liter-' * min')
than in normotensive subjects (0.80±0.27 ng liter-' * min-')
(P < 0.01) (Fig. 1).

Local insulinization. The effects of local insulin infusion
are summarized in Tables IV and V. Forearm blood flow in-
creased in both groups during intrabrachial insulin infusion
(0.05 < P < 0.1 in normotensives and P < 0.05 in hyperten-
sives). Arterial blood glucose levels remained unchanged in
both groups during local, intrabrachial insulin infusion. Ve-
nous plasma insulin levels increased to the same extent after
insulin whereas systemic insulin concentration remained
stable at its basal level. Forearm glucose uptake increased in
response to intraarterial insulin infusion to a comparable ex-
tent in both groups. Forearm NEbalance remained unchanged
during local insulin administration in both groups of subjects
(Table V). Arterial plasma FFA levels were not affected by local
insulin (from 0.42±0.05 to 0.39±0.04 mmol in normal sub-
jects and from 0.36±0.05 to 0.39±0.05 mmol in hyperten-
sives).

The effects of intrabrachial insulin infusion on NEkinetics
in the subgroup of subjects receiving [3H]norepinephrine are
shown in Table IV and Fig. 1. Both forearm NEuptake and NE
release were totally unaffected by local forearm insulinization.

Discussion

In this study we explored the responsiveness of the sympathetic
nervous system to hyperinsulinemia in essential hypertension.
Our interest was focused on the skeletal muscle since this tissue
is a primary site of insulin resistance in essential hypertension
(21) and is also involved in the insulin antagonistic effect of
catecholamines (18, 19, 22). Thus, a potential connection of
insulin to hypertension of more than associative nature was
likely to be revealed by investigating this specific tissue.

Our results demonstrate that physiologic hyperinsulinemia
increases NE release from the forearm muscle in normal hu-
mans. More important, this response is considerably more pro-
nounced in patients with essential hypertension.

The ability of insulin to activate the sympathetic system in
normal individuals has been long postulated, based on the find-
ing of increased circulating NE levels (1 1). More convincing
evidence has been recently provided by microneurographic
studies documenting an insulin effect on muscle sympathetic
nerves (12, 33). The current data are well in agreement with

3 - Figure 1. Effect of sys-
* temic and local (intra-

brachial) insulin admin-
istration on forearm NE
release. Nine hyperten-
sives and eight control

1.5 - subjects were studied
with systemic insulin,
whereas five hyperten-
sives and five control
subjects were studied

- T- with local insulin. The
0 - data are expressed as

systemic local absolute increments
insulin insulin

above the basal value.
The asterisk indicates a statistically significant difference at P < 0.01
level as compared with normotensives (unpaired t test). n, Normals;
v, hypertensives.
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Table V. Effects of Intrabrachial Insulin Administration on Glucose and Norepinephrine Metabolism in the Forearm Skeletal Muscle

Deep-vein plasma Forearm blood Arterial blood Glucose Arterial plasma Norepinephrine
insulin flow glucose uptake norepinephrine balance

1U/mI ml - liter' - min-' mg/dl mg* liter' * min-' pg/ml ng- liter' - min-'

Normotensives
(n = 9) Base 6±1* 36±5 82±2 1.1±0.3 148±12 0.02±0.16

Insulin 54±13* 43±6 82±2 5.0±0.6$ 154±15 0.13±0.13
Hypertensives

(n = 10) Base 5±1 31±4 82±2 1.4±0.5 171±28 -0.15±0.12
Insulin 60±8* 37±6* 81±2 5.2±1.1t 177±26 0.11±0.11

* Mean±SE. $ P < 0.05 as compared with baseline (paired t test).

and extend those observations by providing quantitative data,
not previously available, on insulin activation of NE flux from
the muscle tissue.

The mechanism by which insulin evokes muscle sympa-
thetic overactivity is not known. The available evidence would
suggest several possibilities: (a) an action on the central ner-
vous system (ventro-medial hypothalamic neurons) (34-38);
(b) an indirect action mediated by a baroreflex mechanism
(12); and (c) a direct effect on muscle NE metabolism. Evi-
dence to support this last hypothesis comes from the observa-
tion that in vitro insulin affects NEuptake by the atrial strips
(39). On the other hand, the demonstration by microneu-
rography that insulin increases the firing rate of the muscle
sympathetic nerves is certainly supportive of a centrally me-
diated insulin effects but does not allow excluding a direct in-
tervention of the hormone on muscle sympathetic endings. To
explore the question whether insulin effect was at least in part
accountable for by a direct peripheral effect, we infused insulin
intrabrachially to raise the hormone concentration only locally
in the forearm tissues. The validity of the model employed is
supported by the fact that the arterial concentration of insulin-
sensitive substrates, such as glucose and particularly FFA, re-
mained stable during local insulin infusion. With this ap-
proach, we failed to detect any appreciable change either in NE
uptake or release by the muscle tissue. This leads to the conclu-
sion that all of the insulin effect on muscle NE metabolism,
seen with systemic insulinization, is mediated either by central
mechanisms involving the hypothalamic nuclei or by a periph-
eral reflex. Regarding the latter, it seems quite unlikely that
insulin may have elicited an arterial baroreflex since blood
pressure remained unchanged throughout insulin infusion. On
the other hand, one cannot exclude that insulin may have af-
fected a different kind of peripheral reflex, e.g., a venous barore-
flex or a chemoreflex.

In hypertensive patients, the increase in NErelease induced
by insulin was threefold greater than that observed in normo-
tensive subjects. An increased sympathetic activity in hyper-
tensive patients has been previously reported only in response
to experimental maneuvers (13, 14). Our data demonstrate an
increased responsiveness to a physiologic stimulus like insulin.
This abnormal response of hypertensives was observed in cir-
cumstances where the forearm muscle tissue was exposed to a
similar insulin concentration to that of normal subjects. How-
ever, it must be stressed that hypertensive patients are charac-
terized by significantly higher postprandial insulin levels as
compared with normal subjects (10, 40). Therefore, the phe-

nomenon here revealed of insulin-induced sympathetic over-
activity represents, in all likelihood, an underestimation of
what may potentially occur in the day-life of hypertensive pa-
tients.

The marked increase in forearm NE release recorded in
hypertensives during insulin infusion was not paralleled by sig-
nificant changes in the hemodynamic parameters except for a
small increase in heart rate. This is only in part surprising since
several studies have shown that insulin may efficiently antago-
nize NE action on smooth muscle cells (41, 42). Nor is the
hypothesis of a causal link between insulin and hypertension
necessarily contradicted if one considers that sympathetic
overactivity may affect the long-term regulation of arterial
pressure. In this context, it is pertinent to recall that the sympa-
thetic nervous system promotes the growth of vascular muscle
fibers (43, 44) and myocardium (45, 46) and that NE can in-
duce vascular smooth muscle cell polyploidy independent of
blood pressure elevation (47). These are potential factors that
may lead to structural alterations in the arterial vessels, thus
reducing the lumen area, amplifying the vasoconstrictor re-
sponse to contractile agents, and limiting vasodilation.

Forearm glucose uptake was similar in hypertensive and
normotensive subjects during intrabrachial insulin infusion,
demonstrating no difference in the direct effect of the hormone
on skeletal muscle tissue, with regard to glucose uptake. On the
other hand, during systemic insulinization, when indirect
mechanisms also intervene (28), forearm glucose uptake was
significantly lower in hypertensives than in normal subjects.
This is seemingly in contrast with recent data showing muscle
insulin resistance in hypertensives receiving intrabrachial insu-
lin infusion (48). Actually, a careful perusal of those data re-
veals slight differences between normals and hypertensives at
low insulin concentrations, similar to those used in the current
study. Onthe other hand, the responses began to diverge mark-
edly with high insulin infusion rates that gave clear signs of
systemic insulinization.

The different response of muscle glucose uptake to local or
systemic insulin may suggest that muscle insulin resistance in
hypertension is entirely mediated by the indirect component of
insulin action (28). Alternatively, the data may indicate that
the exaggerated sympathetic activation induced by systemic
insulinization in hypertensives may play a causal role in the
impaired glucose uptake by the muscle tissue.

In conclusion, the current study provides evidence for an
abnormal muscle sympathetic activity reflexly evoked by insu-
lin in essential hypertension. The question whether hyperinsu-
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linemia is the primary defect leading to hypertension via this
sympathetic overactivity cannot be answered by the current
data. The alternative hypothesis that the primary event is a
sympathetic overactivity leading to both hypertension and in-
sulin resistance would be equally compatible with the current
observations. Whatever the initial event, our data also point
out the possibility that the abnormal sympathetic response to
insulin may further aggravate insulin resistance and hypennsu-
linemia, thus acting as a self-perpetuating mechanism in essen-
tial hypertension.
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