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A B S T R A C T Cardiovascular actions of insulin were
studied by intravenous infusions of insulin (4 and 8
mU/kg per min) in normal conscious dogs. This re-
sulted in increases in cardiac output, heart rate, and
left ventricular derivative of pressure with respect to
time (dP/dt) and dP/dt/P, as blood glucose was re-
duced. The inotropic and chronotropic effects of in-
sulin were not related to hypoglycemia, as they per-
sisted even when blood glucose was restored to control
values or when it was prevented from falling by a
simultaneous infusion of glucose. These cardiac effects
were accompanied by increases in plasma catechol-
amines, and were abolished by propranolol pretreat-
ment. Both plasma epinephrine and norepinephrine
increased during insulin hypoglycemia, but only nor-
epinephrine increased during insulin infusion when
euglycemia was maintained.
Mean arterial blood pressure did not change signif-

icantly during insulin hypoglycemia, but rose if eu-
glycemia was maintained, probably due to the selec-
tive increase in norepinephrine in the latter condition.
A pressor response also occurred in propranolol-pre-
treated dogs during insulin hypoglycemia, but was
abolished when the animals also had been pretreated
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with phentolamine, indicating that the vasoconstrictor
action of insulin was mediated via alpha adrenergic
receptors.

Insulin infusion increased left ventricular work and
myocardial blood flow in dogs with and without hy-
poglycemia. Myocardial blood flow, however, did not
change significantly during insulin infusion in dogs
pretreated with propranolol. As propranolol also dim-
inished the inotropic response, it appears that the in-
crease in myocardial blood flow caused by insulin in
the normal dog is causally related to the increased
myocardial metabolic demand.

Insulin also produced vasomotor effects on other
vascular beds. In skeletal muscle, blood flow was in-
creased under all study conditions, except during in-
sulin hypoglycemia after propranolol-pretreatment
when unopposed alpha-mediated vasoconstriction was
present. The persistent increase in flow during both
alpha and beta adrenergic blockade suggests that in-
sulin has a direct dilator effect on skeletal muscle vas-
culature. In the adrenal gland, flow was increased ex-
cept during euglycemia, when no rise in plasma
epinephrine was observed, suggesting coupling be-
tween adrenal flow and catecholamine release. In the
splanchnic bed, flow was decreased during eugly-
cemia, when plasma norepinephrine rose, and during
beta adrenergic blockade with propranolol, when un-
opposed alpha-mediated vasoconstriction also predom-
inated. A similar pattern was found in the kidney, ex-
cept that renal blood flow also fell after combined
alpha and beta adrenergic blockade. The results show
that the vasomotor effects on regional flows are me-
diated both via adrenergic mechanisms, and in the
case of skeletal muscle and kidney, via mechanisms
unrelated to sympathetic stimulation.
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INTRODUCTION

Insulin, apart from its effects on carbohydrate meta-
bolism and on ion flux, has been shown to have effects
on both the heart and the peripheral vasculature. The
cardiovascular responses associated with the acute ad-
ministration of insulin in man include increases in
heart rate (1-3), cardiac output (1, 4), and forearm
blood flow (5-9). These are thought to be caused by
sympathetic stimulation resulting from insulin-in-
duced hypoglycemia (10-13). However, the cardio-
vascular effects of insulin cannot be entirely the con-
sequence of hypoglycemia, as they occur even when
the blood glucose concentration does not decline below
normal fasting values (3, 14). Furthermore, it has been
shown that sympathetic stimulation, as evidenced by
an increase in plasma norepinephrine, may occur after
insulin administration even in the absence of hypo-
glycemia (14-16). These observations suggest that in-
sulin may exert a stimulatory action on the sympa-
thetic nervous system independent of hypoglycemia.

Insulin has been shown to exert a direct inotropic
effect, independent of glucose levels and beta adren-
ergic receptors, in isolated cardiac muscle preparations
(17) and in developing piglet (18) or lamb (19) my-
ocardium. However, Lucchesi et al. (20) have failed
to find a direct inotropic effect of insulin in either
canine isolated papillary muscles or intact dog heart
unless the myocardium was first depressed by pro-
pranolol, severe hypoxia, or prolonged incubation.
Furthermore, very large doses of insulin were used in
these isolated organs and anesthetized animal prepa-
rations. No studies have been performed in intact con-
scious animals. Thus, the physiologic significance of
the direct inotropic action of insulin on the heart is
not known.
The purpose of this study was to assess the systemic

and regional blood flow responses to insulin in the con-
scious dog, using doses of insulin similar to those used
by Rowe et al. (16) in normal volunteers. We also car-
ried out experiments to determine the relative con-
tributions of sympathetic stimulation and of the direct
inotropic action of insulin in mediating the cardio-
vascular responses. The role of the sympathetic ner-
vous system was assessed by measuring plasma
catecholamines and by pretreating the animals with
alpha and beta adrenergic blocking agents. In addi-
tion, blood glucose was maintained constant in some
animals so that the effects of insulin in the absence of
hypoglycemia could be ascertained.

METHODS
Surgical procedure and measurements. Purebred adult

beagles of both sexes weighing 6.5-15.2 kg were used. The
animals were anesthetized with sodium pentobarbital (25

mg/kg, i.v.) and mechanically ventilated using a Harvard
respirator (Harvard Apparatus Co., Inc., S. Natick, MA). A
sterile left thoracotomy was performed via the fifth inter-
costal space for insertion of heparin-filled Tygon catheters
(i.d., 1.02 mm; Norton Co., Plastics & Synthetics Div., Akron,
OH) in the main pulmonary artery, left atrium, and the
descending thoracic aorta. The catheters were then exte-
riorized through the interscapular space and secured at the
back of the dog's neck. After the thoracotomy was closed,
the animal was allowed to recover for 2 to 3 wk before the
experiment. Veterinary procaine penicillin G (400,000 U)
and dihydrostreptomycin (500 mg, Combiotic, Pfizer Chem-
icals Div., New York) were given intramuscularly daily for
10 d postoperatively.

At the time of experiment, the chronically indwelling
catheters were connected to Statham P23Db pressure trans-
ducers (Statham Instruments, Inc., Oxnard, CA) and an 8-
channel Brush 480 recorder (Gould Inc., Instruments Div.,
Cleveland, OH) to measure aortic and left atrial pressures.
Heart rate was measured by an electrocardiographic monitor
and cardiotachometer. A Millar transducer-tip catheter
(Millar Instruments Inc., Houston, TX) was introduced into
the left ventricle via a femoral artery for measuring left
ventricular pressure and the first derivative of the left ven-
tricular pressure with respect to time (dP/dt)' was obtained
by an electronic differentiator. The dP/dt during isovolumic
contraction at a left ventricular developed pressure of 50
mm Hg was used to derive left ventricular dP/dt/P, which
is an index of left ventricular contractility (21). This index
was calculated using a PDP 11/10 minicomputer (Digital
Equipment Corp., Marlboro, MA). In addition, a French 7
catheter was introduced into the coronary sinus via an ex-
ternal jugular vein under fluoroscopic guidance.

Cardiac output was determined by a dye-dilution tech-
nique using indocyanine green (Cardio-Green, Hynson,
Westcott & Dunning Inc., Baltimore, MD) injected into the
pulmonary artery and a Gilford model 140 cardiac output
system (Gilford Instrument Laboratories Inc., Oberlin, OH).
Regional organ blood flows were measured by a modification
(22) of the radioactive microsphere method of Rudolph and
Heymann (23). 500,000-1,000,000 microspheres, 15±3 grm
in diameter, and labeled with cerium-141, tin-113, ruthe-
nium-103, or scandium-46 at 10 mCi/g, sp act, were injected
into the left atrial catheter, followed immediately by a flush
of 10 ml of normal saline over a 30-s period. Arterial ref-
erence blood was withdrawn with a Harvard pump (Harvard
Apparatus Co., Inc.) at a rate of 7.75 ml/min, beginning 10
s before the injection of microspheres and continuing for 80
s thereafter. The content of radioactivity in each organ was
measured in a Packard gamma spectrometer with a model
9012 multichannel analyzer (Packard Instrument Co., Inc.,
Downers Grove, IL) at the appropriate gamma photon en-
ergy for each of the radionuclides. Absolute blood flow to
each organ was calculated by the reference sample method
on a PDP-11/10 minicomputer (22). Mean aortic blood pres-
sure was divided by cardiac output or organ blood flow to
yield the total peripheral or regional organ vascular resis-
tance.

Blood samples were obtained simultaneously from aorta,
pulmonary artery, and coronary sinus for measuring oxygen
content on a Lex-02-Con oxygen analyzer (Lexington In-
struments Corp., Waltham, MA). Blood pH, Po2, and Pco2
were measured with a Radiometer PHM 71 Acid Base An-

' Abbreviation used in this paper: dP/dt, derivative of pres-
sure with respect to time.

1322 Liang et al.



alyzer (Rainin Instrument Co. Inc., Woburn, MA). Arterial
blood samples also were taken for measuring blood glucose,
sodium, potassium, and plasma catecholamines. Blood glu-
cose was determined using a glucose oxidase hydrogen per-
oxide probe on a YSI model 23A glucose analyzer (Yellow
Springs Instrument Co., Yellow Springs, OH), and plasma
sodium and potassium by a flame photometer. Plasma epi-
nephrine and norepinephrine were measured by a radioen-
zymatic method (24), using the enzyme catechol-O-methyl-
transferase and S-adenyl-L-methionine-([3H]methyl). In ad-
dition, lactate (25) and pyruvate (26) were measured in the
arterial and coronary sinus blood. Myocardial oxygen con-
sumption, coronary vascular resistance, left ventricular
work, total body oxygen consumption and myocardial use
of glucose, lactate, and pyruvate were calculated by con-
ventional formulae (22).
Experimental protocols. 35 animals were divided equally

into five experimental groups (groups 1-5), all of which re-
ceived insulin infusion. All experiments involved a 20-min
control period followed by the administration of pure pork
monocomponent, glucagon-free, insulin (Eli Lilly and Co.,
Indianapolis, IN), intravenously. Insulin was administered
intravenously as an initial bolus injection (50 mU/kg) fol-
lowed by successive infusions at rates of 4 and 8 mU/kg per
min, using a Harvard infusion pump. Insulin was diluted in
normal saline and its concentration was adjusted so that for
each animal both doses of insulin could be delivered at a
constant rate of 0.19 ml/min. Each dose was infused for 30
min, except in a group of seven dogs (group 1) in which the
second infusion was allowed to continue for an additional
30 min. During this time blood glucose was restored to con-
trol values by a simultaneous infusion of 50% glucose, using
a glucose clamp technique (27). The role of the autonomic
nervous system in mediating the responses to insulin was
studied in groups 2 and 3. Beta adrenergic receptor blockade
was produced in both groups by pretreatment with pro-
pranolol (0.5 mg/kg, i.v., Ayerst, McKenna, & Harrison Ltd.,
Montreal, Canada) 30 min before the control measurements
were obtained. In addition, alpha adrenergic receptor block-
ade was produced in group 3 by a continuous intravenous
infusion of phentolamine hydrochloride (8 gg/kg per min,
Ciba-Geigy Corp., Pharmaceuticals Division, Summit, NJ),
beginning 30 min before the control period, at a rate of 0.1
ml/min by a Harvard infusion pump. Degrees of alpha and
beta receptor blockade were determined by comparing the
responses of mean aortic blood pressure and heart rate with
injections of serial doses of norepinephrine and isoproterenol,
before the administration of these agents and at the end of
the experiments.

In groups 4 and 5, 50% glucose was infused throughout
the entire period of insulin infusion to prevent blood glucose
from falling, using the glucose clamp technique. The effects
of insulin euglycemia were studied in group 4 that received
insulin infusion along with 50% glucose infusion, whereas
in group 5 insulin and glucose infusions were begun 30 min
after propranolol (0.5 mg/kg, i.v.) pretreatment. In addition,
a control group of five normal dogs was included for com-
parison. These animals received a continuous intravenous
infusion of normal saline (0.19 ml/min). Otherwise, the ex-
perimental protocols were identical to those for the five
groups that received insulin infusion.

Systemic hemodynamic measurements and blood glucose
concentrations were obtained at 5-min intervals during both
the control period and insulin (or normal saline) infusion.
Averages were obtained from triplicate measurements of
each hemodynamic variable during the control period. The
values from each dog were then averaged and these are re-

ported in Results. Regional blood flows, blood oxygen con-
tents, electrolytes, and blood metabolites were obtained dur-
ing the control period and during the last 5 min of each
phase of insulin (or normal saline) infusion in all groups,
whereas plasma catecholamines were measured only in those
groups that were not pretreated with adrenergic blocking
agents.

At the end of the experiment, the animal was killed by
injecting a lethal dose of sodium pentobarbital. The heart,
brain, lungs, stomach, small intestine, large intestine, liver,
pancreas, spleen, adrenal glands, kidneys, femoral muscle,
femur, and skin were removed, cleaned, weighed, and pre-
pared for radioactivity counting for the calculation of re-
gional blood flows.

Statistical analysis. The experimental results are pre-
sented in mean±SE. The statistical significance of the dif-
ferences among the groups was determined by two-way anal-
ysis of variance for independent groups with trend measures
(28). Dunnett's test (29) was used to determine the statistical
significance of differences between the control value and the
serial repeated measurements during insulin infusion in each
group. Student's t test was used to analyze the difference
between two means in each group. Changes are considered
statistically significance if P values are <0.05.

RESULTS

Systemic hemodynamic responses to insulin hy-
poglycemia. Fig. 1 shows that insulin administration
decreased blood glucose and increased cardiac output
and left ventricular dP/dt in the normal dog (group
1, 10±1 kg), and that these changes persisted even
after blood glucose had been restored to control values
by glucose infusion during the last 30 min of insulin
infusion. Heart rate, left ventricular dP/dt/P, and
aortic pulse pressure (50±2-59±2 mm Hg) also in-
creased during insulin infusion, but mean aortic blood
pressure did not change significantly (Fig. 2). As a
result, the calculated total peripheral vascular re-
sistance fell. Left atrial pressure did not change sig-
nificantly during insulin infusion (5.2±0.9-4.3±1.2
mm Hg).

Fig. 2 also shows the systemic hemodynamic re-
sponses to insulin hypoglycemia in groups 2 and 3 that
had been pretreated with adrenergic blocking agents.
Significant beta adrenergic receptor blockade was ev-
idenced by the increase in the dose of isoproterenol
required to increase heart rate 25 beats/min from
1.5±0.2 ,ug before propranolol administration to
36.8±5.3 ,ug after propranolol administration in group
2 (12±1 kg), and from 1.7±0.4 to 49.6±8.5 ,ug in group
3 (9±1 kg). Significant alpha adrenergic receptor
blockade was produced by phentolamine infusion in
group 3, as evidenced by the increase in the dose of
norepinephrine needed to raise mean aortic blood
pressure 25 mm Hg from 5.5±0.7 Mig before phentol-
amine infusion to 24.2±4.2 ,ug at the end of the ex-
periment.

Fig. 2 shows that the effects of insulin on cardiac
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FIGURE 1 Effects of insulin infusion on cardiac output, left ventricular dP/dt, and blood
glucose in seven conscious normal dogs (group 1). Bars show SE. ° = values that are significantly
different from the base-line value before insulin infusion. Both cardiac output and left ven-
tricular dP/dt increased as blood glucose fell, and remained elevated even after blood glucose
had been restored to base-line values by glucose infusion.

output, heart rate, left ventricular dP/dt, and dP/dt/
P were abolished by propranolol pretreatment in both
groups 2 and 3. The increase in aortic pulse pressure
produced by insulin was also abolished in group 2
(44±3-46±3 mm Hg) and group 3 (40±4-36±3 mm
Hg). Furthermore, unlike group 1, mean aortic pres-
sure and total peripheral vascular resistance increased
in group 2 during insulin infusion, presumably from
unopposed alpha adrenergic stimulation. These vas-

cular effects of insulin were not present in group 3
dogs that received phentolamine infusion. Left atrial
pressure increased from 6.0±1.2 to 9.9±2.4 mm Hg
in group 2, but did not change significantly in
group 3.

Arterial blood pH and blood gas tensions were

within the normal range in these experiments. Total
body oxygen consumption increased in group 1 from
69±5 ml/min during the control period to 101±9 ml/
min during the infusion of the higher dose of insulin,
but did not change significantly in either group 2
(91±7-97±9 ml/min) or group 3 (83±10-79±9 ml/
min). Plasma potassium decreased significantly in all
three groups (from 3.3±0.2 to 2.6±0.1 meq/liter in
group 1, from 3.3±0.1 to 2.9±0.1 meq/liter in group
2, and from 3.5±0.1 to 2.6±0.1 meq/liter in group 3),
but there was no change in plasma sodium concentra-
tion.

Plasma norepinephrine and epinephrine increased
as blood glucose decreased during insulin infusion

(Fig. 3). However, when euglycemia was restored by
glucose infusion to control values, plasma catechol-
amine levels decreased. Nevertheless, plasma norepi-
nephrine was still significantly higher than that before
insulin administration.

Systemic hemodynamic responses to insulin eugly-
cemia. Cardiac output, heart rate, and left ventric-
ular dP/dt and dP/dt/P increased (Fig. 4) in group
4 (12±1 kg) in which the blood glucose level was main-
tained at base-line levels throughout the experiments
by administering glucose during insulin infusion (Fig.
5). However, the increase in cardiac output (0.59±0.08
liter/min) was significantly smaller than that in group
1 with insulin hypoglycemia (0.93±0.09 liter/min, Fig.
6). Furthermore, in this group mean aortic blood pres-
sure increased slightly during insulin infusion (Fig. 4),
and total peripheral vascular resistance decreased to
a smaller extent than that in group 1 (Fig. 6). These
cardiovascular changes produced by insulin during
euglycemia were abolished by propranolol pretreat-
ment in group 5 (13±1 kg). In contrast to reduction
in total peripheral vascular resistance in group 4, total
peripheral vascular resistance increased slightly to-
ward the end of insulin infusion in group 5. Beta re-

ceptor blockade was verified in group 5 by serially
administered doses of isoproterenol; the dose of iso-
proterenol required to increase heart rate 25 beats/
min changed from 1.9±0.6 ,ug before propranolol pre-
treatment to 40.9±5.1 ,ug at the end of the experiment.
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FIGURE 2 Changes in cardiac output, heart rate, mean aortic blood pressure, total peripheral
vascular resistance, left ventricular dP/dt, and dP/dt/P in seven normal dogs (broken lines,
group 1), seven dogs pretreated with propranolol (solid lines and circles, group 2), and seven
dogs pretreated with both propranolol and phentolamine (solid lines and triangles, group 3).
All these animals responded with hypoglycemia to insulin infusion. See legend to Fig. 1 for
additional details.

Aortic pulse pressure did not change significantly in
either group 4 (58±3-62±3 mm Hg) or group 5 (47±4-
48±4 mm Hg).

Insulin infusion increased total body oxygen con-
sumption (85±5-116±12 ml/min) and decreased
plasma potassium (3.4±0.1-2.8±0.1 meq/liter) in group
4. Plasma potassium also decreased significantly from
3.5±0.1 to 2.6±0.1 meq/liter in group 5, but the
change in total body oxygen consumption (94±10-
108±7 ml/min) was not statistically significant. More-
over, in group 4 plasma norepinephrine significantly
increased during the infusion of the lower dose of in-
sulin, but did not increase further as the dose of insulin
doubled. Plasma epinephrine, however, did not sig-
nificantly increase during insulin euglycemia (Fig. 5).
Coronary hemodynamic responses to insulin. Ta-

bles I and II show that insulin increased left ventricular
blood flow, left ventricular work, and myocardial ox-
ygen consumption, and decreased coronary vascular
resistance in the normal dog with both hypoglycemia

(group 1) and euglycemia (group 4), whereas my-
ocardial oxygen extraction did not change in either
group. In contrast, none of these parameters were sig-
nificantly altered by insulin in dogs pretreated with
propranolol (groups 2 and 5) or with propranolol plus
phentolamine (group 3).

Effects of insulin on myocardial metabolism. Ta-
bles III and IV show that insulin affected the my-
ocardial use of glucose, lactate, and pyruvate. In group
1, insulin diminished the arterial concentration of glu-
cose and increased that of pyruvate. Arterial lactate
did not change significantly. Rates of myocardial use
of glucose, lactate, and pyruvate were increased; how-
ever, as the arterial glucose concentration decreased
to a nadir during the infusion of the higher dose of
insulin, the increase in the myocardial use of glucose
was no longer statistically significant.

In groups 2 and 3, the arterial glucose also decreased
during insulin infusion, but unlike group 1, it was ac-
companied by a decrease in arterial pyruvate. The

Cardiovascular Actions of Insulin 1325
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FIGURE 3 Changes in plasma norepinephrine and epinephrine during infusions of insulin and
insulin plus glucose in seven normal dogs whose blood glucose decreased during insulin infusion
but was restored to control values by simultaneous infusions of insulin and glucose (group 1,
see Fig. 1). See legend to Fig. 1 for additional details.

arterial lactate did not change significantly. Myocar-
dial use of glucose increased slightly in both groups,
although the increase was statistically significant in
group 3 only. In contrast, the use of pyruvate and
lactate tended to decrease, although only the decrease
in pyruvate was statistically significant.
The arterial concentrations of glucose, lactate, and

pyruvate did not change significantly in the normal
dog during insulin euglycemia (group 4). Myocardial
use of glucose and lactate increased during insulin in-
fusion, but that of pyruvate did not change signifi-
cantly. In group 5, myocardial use of glucose in-
creased, and arterial concentration and myocardial use
of pyruvate decreased, while neither lactate concen-
tration nor myocardial use of lactate changed signif-
icantly.

Arterial and coronary sinus lactate/pyruvate ratios
did not change significantly in any of the groups dur-
ing insulin infusion. In group 1, the arterial and cor-
onary sinus blood lactate/pyruvate ratios were 8.9±0.9
and 12.1±1.6 before insulin administration, and were
9.8±0.5 and 12.7±1.1, respectively, during insulin in-
fusion (8 mU/kg per min).

Effects of insulin on regional blood flows. Insulin
increased blood flow to the right and left ventricles,
adrenal glands, and skeletal muscle, and decreased
bronchial blood flow in group 1 (Table V, Fig. 7). The

infusion of glucose in this group abolished the increase
in adrenal blood flow and decreased the fall in bron-
chial blood flow, but myocardial and skeletal muscle
blood flows remained elevated despite the return of
blood glucose to control values. These increases in
blood flow were associated with corresponding de-
creases in skeletal muscle, coronary, and adrenal
vascular resistances. However, neither renal nor
splanchnic blood flow was affected by insulin infusion
(Fig. 7).

In group 2, insulin infusion had no effect on skeletal
muscle blood flow or vascular resistance. It increased
adrenal blood flow and decreased blood flow to kidneys
and splanchnics. Simultaneously, adrenal vascular re-
sistance fell, and renal and splanchnic vascular resis-
tances increased (Fig. 8). The infusion of phentolamine
in group 3 abolished the effects of insulin on the
splanchnic vasculature. However, the effects of insulin
on the kidneys and adrenal glands persisted (Fig. 9).
Unlike group 2, insulin increased skeletal muscle blood
flow and decreased vascular resistance in skeletal mus-
cle in group 3.

Skeletal muscle blood flow also increased during in-
sulin euglycemia in groups 4 and 5 (Figs. 10 and 11),
but unlike the first three groups with insulin hypo-
glycemia, adrenal blood flow was unchanged. Fur-
thermore, renal and splanchnic blood flows decreased
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FIGURE 4 Changes in cardiac output, heart rate, mean aortic blood pressure, total peripheral
vascular resistance, left ventricular dP/dt, and dP/dt/P during insulin infusion in seven normal
dogs with euglycemia that received 50% glucose infusion by a glucose-clamp technique during
insulin infusion (broken lines, group 4), and seven other dogs that also were kept euglycemic
but had been treated with propranolol before insulin infusion (solid lines, group 5). See legend
to Fig. 1 for additional details.

and vascular resistances increased in both groups.
Other regional organ blood flows did not change sig-
nificantly.
Changes in hemodynamics and plasma catechol-

amines in the control group. Administration of
normal saline in 5 normal dogs (11±1 kg) produced
no significant changes in systemic or regional hemo-
dynamics, nor did it increase plasma norepinephrine
(0.35±0.05-0.30±0.06 ng/ml) or epinephrine
(0.67±0.15-0.60±0.11 ng/ml).

DISCUSSION

Sympathetic stimulation by insulin. Our present
study confirms earlier findings (14, 15) that insulin
hypoglycemia increases plasma norepinephrine and
epinephrine. This probably is due to release of adrenal
catecholamines from an action of hypoglycemia on the
central nervous system (30, 31). However, our study
further demonstrates that when euglycemia was main-

tained, insulin still caused a small increase in plasma
norepinephrine, without an increase in plasma epi-
nephrine. Our results are like those found in normal
human volunteers during infusions of similar doses of
insulin (16). The absence of an increase in plasma ep-

inephrine in euglycemic man and animals during in-
sulin infusion suggests that adrenal stimulation may

be absent when blood glucose levels are maintained,
and suggests also that the small rise in norepinephrine
probably results from the release of norepinephrine
from sympathetic nerve endings. However, the mech-
anism by which insulin stimulates the sympathetic
nervous system independent of hypoglycemia is un-

clear. Gundersen and Christensen (32) suggested that
it was related to a reflex compensation to hypovolemia
because insulin decreased both plasma volume and the
intravascular pool of albumin. Subsequent investiga-
tors (33), however, failed to confirm this effect of in-
sulin on plasma volume. Moreover, intravascular vol-
ume probably did not decrease markedly in our
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FIGURE 5 Effects of insulin euglycemia on plasma catecholamines in group 4. See legend to
Fig. 1 for additional details.

experiments because left atrial pressure did not de-
crease. Alternatively, Pereda et al. (34) have shown
that the sympathetic nervous system can be stimulated
by a direct action of insulin on the central nervous

system. They demonstrated that both cardiac output

75
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FIGURE 6 Differences in cardiac output and total peripheral
vascular resistance responses to insulin infusion (8 mU/kg
per min) between group 1 (with hypoglycemia) and group
4 (with euglycemia). n = 7 in each group. e indicate that
the changes produced by insulin are statistically significant
in each group, and the P values indicate that the differences
in the responses between the two groups are also statistically
significant.

and arterial pressure increased after the intracarotid
administration of small doses of insulin, which had no
effect when injected into a peripheral vein. Still an-

other possibility is that sympathetic stimulation may
occur as a result of an increase in tissue metabolic rate
(22, 35), a condition also caused by insulin adminis-
tration (36).

Cardiac effects of insulin. Insulin exerts significant
cardiovascular effects in normal conscious dogs. Our
data not only support earlier findings in man that in-
sulin increases cardiac output and heart rate (1-4), but
establish that the increase in cardiac output is related,
at least in part, to increased myocardial contractility,
as evidenced by the rises in left ventricular dP/dt and
dP/dt/P. The increase in myocardial contractility is
independent of changes in blood glucose, as it occurred
even in absence of hypoglycemia (group 4).
The findings that insulin increased plasma cate-

cholamines and absence of insulin-induced changes in
heart rate, left ventricular dP/dt, and dP/dt/P after
propranolol pretreatment, suggest that the positive
inotropic and chronotropic effects of insulin are me-
diated via the beta adrenergic receptors. Our data fur-
ther indicate that, at the doses we used, insulin has
little direct inotropic action on the heart. The data do
not necessarily refute the fact that insulin may have
direct inotropic effects when much larger doses are
used (15, 17-20). On the other hand, the direct ino-
tropic action of insulin has not been generally accepted
(37); in fact, in some studies insulin has been shown
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TABLE I
Effects of Insulin Hypoglycemia on Coronary Hemodynamics

Left ventricular Myocardial Myocardial °2 Coronary vascular Left ventricular
Insulin blood flow 03 extraction consumption resistance work

mU/kg/min ml/100 g/min % ml/100 g/min mm Hg/(ml/100 kg.-m/min
g/min)

Group 1 No pretreatment

0 103±12 71±5 8.2±1.1 1.22±0.15 6.0±0.5
4 124±23 77±5 11.6±1.9* 1.09±0.14 8.7±0.8
8 141±200 70±5 11.7±1.7" 0.92±0.138 10.0±0.80

Group 2 Propranolol pretreatment

0 80±6 83±2 9.1±0.9 1.48±0.15 6.6±0.5
4 89±11 77±5 9.8±1.4 1.55±0.17 7.1±0.7
8 85±12 77±5 9.4±1.0 1.59±0.21 6.4±0.7

Group 3 Propranolol plus phentolamine pretreatment

0 72±10 88±1 7.8±0.7 1.50±0.23 4.8±0.9
4 64±8 85±2 8.4±1.6 1.58±0.20 4.7±1.0
8 72±9 83±2 6.4±0.5 1.32±0.14 4.6±0.9

Values are mean±SE. There are seven experiments in each group.
° Values that differ significantly from the base-line value before insulin infusion, as
determined by Dunnett's test.

to have an antagonistic effect on the positive inotropic
action of norepinephrine (17, 38).
The increases in cardiac output and heart rate dur-

ing insulin infusion in normal dogs were associated
with increases in left ventricular work, myocardial
oxygen consumption, and left ventricular blood flow.

Similar findings during insulin hypoglycemia also have
been reported by Hackel (39). These changes, how-
ever, did not occur in dogs pretreated with propra-
nolol. Thus, it appears that the increase in myocardial
blood flow produced by insulin is causally related to
the increased myocardial metabolic demand, as car-

TABLE II
Effects of Insulin Euglycemia on Coronary Hemodynamics

Left ventricular Myocardial Myocardial 02 Coronary vascular Left ventricular
Insulin blood flow 02 extraction consumption resistance work

mU/kg/min ml/100 g/min % ml/100 g/min mm Hg/(ml/100 kg-m/min
g/min)

Group 4 No pretreatment

0 92±11 77±3 10.7±1.2 1.31±0.12 5.9±0.7
4 118±150 77±3 12.9±1.3* 1.11±0.140 7.7±0.80
8 120±12 72±3 13.0±1.00 1.12±0.120 8.5±1.00

Group 5 Propranolol pretreatment

0 74±5 80±2 9.2±0.8 1.60±0.15 6.5±0.5
4 71±5 84±1 8.8±0.8 1.72±0.18 6.8±0.5
8 85±6 84±2 9.6±0.9 1.48±0.13 6.6±0.4

Values are mean±SE. There are seven experiments in each group.
0 = values that differ significantly from the base-line value before insulin infusion, as

determined by Dunnett's test.

Cardiovascular Actions of Insulin 1329



TABLE III
Effects of Insulin Hypoglycemia on Myocardial Use of Glucose, Lactate, and Pyruvate

Glucose Lactate Pyruvate

Arterial Arterial Arterial
Insulin concentration Utilization concentration Utilization concentration Utilization

mu/kgl mM /smol/100 g/min mM unwoI/OO g/min mM umol/1OO g/min
min

Group 1 No pretreatment

0 4.0±0.2 15.8±3.8 2.22±0.40 80±20 0.24±0.03 13±3
4 2.4±0.1 41.1±6.8a 2.76±0.43 148±26w 0.26±0.02 16±2
8 1.9±0.10 26.6±3.9 2.88±0.27 129±24 0.30±0.02 20±4

Group 2 Propranolol pretreatment

0 3.9±0.2 16.7±1.8 1.76±0.30 59±11 0.23±0.04 11±2
4 2.1±0.2w 28.9±6.0 1.35±0.22 47±8 0.19±0.02 8±1
8 1.7±0.2w 25.9±6.6 1.30±0.17 43±8 0.18±0.02 7±2

Group 3 Propranolol and phentolamine pretreatment

0 3.8±0.3 12.8±3.1 1.98±0.30 77±6 0.26±0.02 10±1
4 2.0±0.3 29.3±5.8 1.76±0.23 80±13 0.22±0.02 9±2
8 1.9±0.4w 23.8±3.1 1.77±0.33 63±11 0.19±0.025±1z

Values are mean±SE. There are seven experiments in each group.
e = values that differ significantly from the base-line value before insulin infusion, as determined by Dunnett's test.

diac work is increased by beta adrenergic stimulation cose were reached; at that time, lactate and pyruvate
during insulin infusion. use increased. When increased myocardial oxygen
The increase in myocardial oxygen consumption was consumption was met with increased glucose utiliza-

attended by an increase in carbohydrate use in groups tion (group 4), pyruvate utilization remained relatively
1 and 4. In group 1, insulin facilitated the utilization unchanged. In groups, 2, 3, and 5, when glucose uti-
of glucose by the heart until low levels of arterial glu- lization was increased without a concomitant rise in

TABLE IV
Effects of Insulin Euglycemia on Myocardial Use of Glucose, Lactate, and Pyruvate

Glucose Lactate Pyruvate

Arterial Arterial Arterial
Insulin concentration Utilization concentration Utilization concentration Utilization

mU/kg/min mM pmol/)OO g/min mM mmol/100 g/min mM umol/100 g/min

Group 4 No pretreatment

0 4.1±0.3 16.2±3.7 2.02±0.26 77±11 0.24±0.03 14±3
4 3.9±0.2 39.8±6.3 1.95±0.25 106±130 0.23±0.03 14±3
8 4.2±0.2 37.0±6.1 1.78±0.28 104±15° 0.20±0.02 10±3

Group 5 Propranolol pretreatment

0 3.9±0.1 16.5±5.1 1.65±0.19 78±14 0.30±0.02 11±2
4 3.8±0.1 32.4±4.6 1.30±0.21 59±12 0.17±0.02 5±1
8 3.9±0.1 29.6±4.5* 1.45±0.31 62±12 0.18±0.02 6±1

Values are mean±SE. There are seven experiments in each group.
e = values that differ significantly from the base-line value before insulin infusion, as determined by Dunnett's test.
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TABLE V
Effects of Insulin Infusion on Regional Organ Blood

Flow in Group 1 Animals

Insulin infusion
Insulin infusion

Organ Control 4 8 plus glucose

mU/kg/min

Brain 61±6 57±8 55±6 63±8
Lungs (bronchial) 54±8 37±4e 20±2* 38±2e
Right ventricle 67±8 83±17 96±120 112±10°
Left ventricle 103±12 124±23 141±200 161±10"
Adrenal glands 248±26 270±33 346±38e 242±26
Kidneys 377±49 363±35 348±41 322±20
Liver (hepatic) 25±7 27±7 22±6 26±7
Spleen 221±34 239±32 213±37 182±31
Stomach 58±21 51±21 59±21 38±9
Small intestine 42±9 37±7 42±10 38±6
Large intestine 68±14 66±13 66±15 73±14
Pancreas 52±12 42±10 50±16 52±12
Femoral muscle 3±1 6±1 7±2e 8±3e
Skin 3±1 3±1 3±1 3±1
Femur 8±2 7±1 8±3 10±3

Values are mean±SE ml/100 g/min; n = 7.
* = values that differ significantly from the control value before
insulin infusion, as determined by Dunnett's test.

myocardial oxygen consumption, pyruvate utilization
actually fell. Arterial pyruvate increased significantly
during insulin hypoglycemia (group 1). Arterial lactate
also showed a tendency to increase in this group, al-
though the change was not statistically significant.
Other groups did not exhibit an increase in either lac-
tate or pyruvate concentration in arterial blood. Most
likely, the increase in arterial substrate concentration
in group 1 was caused by the beta receptor-mediated
metabolic effect of epinephrine.

Vascular effects of insulin. Mean aortic blood pres-
sure did not change during insulin hypoglycemia, but
rose during insulin infusion when the blood glucose
was kept from falling. The difference between the two
groups probably was related in part to the selective
release of norepinephrine and the predominant alpha
adrenergic action of this hormone in the latter group.
The absence of a pressor response during insulin hy-
poglycemia might be attributed to the prominent con-
comitant vasodilation. Vasodilation could be the result
of reflex sympathetic withdrawal secondary to the
widened arterial pulse pressure. It also could be pro-
duced by the direct vasodilator action of epinephrine
whose concentration was also increased. That cate-
cholamines play an important role in mediating this
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FIGURE 10 Effects of insulin on skeletal muscle, adrenal, renal, and splanchnic blood flows,
and vascular resistances in seven normal dogs whose blood glucose was maintained in eugly-
cemic range by a glucose-clamp technique (group 4). See legend to Fig. 7 for additional details.

75

SPLANCHN/CS

T

50k

25F

O0
Blood Flow Voscuior Resistonce

50

25

075

0.50

0.25
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and vascular resistances in seven dogs that had been pretreated with propranolol and were kept
euglycemic during insulin infusion (group 5). See legend to Fig. 7 for additional details.
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response is suggested by the finding that propranolol
pretreatment abolished the increase in skeletal muscle
blood flow and unmasked a pressor effect of insulin
in group 2. This pressor effect, which probably was
caused by the unopposed alpha receptor-mediated va-
soconstriction, did not occur in dogs pretreated with
both propranolol and phentolamine (group 3). Alpha
adrenergic receptor-mediated vasoconstriction prob-
ably was also present during insulin infusion in eugly-
cemic animals pretreated with propranolol (group 5),
as shown by the slight rise in total peripheral vascular
resistance (Fig. 4) and increases in organ vascular re-
sistances (Fig. 11). However, the increase in total sys-
temic resistance was less marked than in group 2 hy-
poglycemic animals with beta receptor blockade (Fig.
2), probably because catecholamine release was less
prominent during euglycemia. Also in group 5, vaso-
dilation occurred in skeletal muscle during insulin eu-
glycemia as renal and splanchnic vascular resistances
were increased; as a result, mean aortic blood pressure
did not rise.
The persistent increase in skeletal muscle flow pro-

duced by insulin in group 3 suggests that insulin could
produce a vasodilator effect on the skeletal muscle
vasculature independent of the sympathetic nervous
system. This probably is related to the metabolic ef-
fects of insulin on tissue metabolism and ion fluxes
(40). Human studies also have shown that the effects
of insulin on the skeletal muscle flow does not entirely
depend on the integrity of the sympathetic nervous
system, because they are not abolished by either ad-
renalectomy or by cervicodorsal sympathectomy (41,
42). A cholinergic mechanism has been postulated for
the vasodilator effect of insulin in the forearm, but the
increase in forearm blood flow is not completely abol-
ished by intrabrachial administration of atropine (43).
The vasodilator effect of insulin probably is respon-

sible for the progressive fall in supine arterial blood
pressure after insulin administration in sympathecto-
mized patients (11). Arterial pressure also falls, espe-
cially in the erect position, after insulin administration
in diabetic patients with either abnormal baroreceptor
reflexes (44) or an autonomic neuropathy (45). This
hypotensive effect of insulin may be unrelated to hy-
poglycemia, and may account for some episodes of
sudden loss of consciousness, usually attributed to hy-
poglycemia (45).

Adrenal blood flow increased and vascular resistance
decreased during insulin hypoglycemia, accompanied
by a substantial elevation of plasma catecholamines
(group 1). However, when euglycemia was main-
tained, neither adrenal blood flow nor plasma epi-
nephrine increased, and only a small increase in
plasma norepinephrine occurred (group 4). The results

suggest that release of catecholamines from the ad-
renal medulla may be closely coupled with increases
in adrenal blood flow, but the mechanism for this cou-
pling mechanism remains to be clarified.

Neither blood flow nor vascular resistance changed
significantly in the splanchnic circulation in normal
dogs during insulin hypoglycemia (group 1). This find-
ing is compatible with balanced alpha receptor-me-
diated vasoconstriction and beta receptor-mediated
vasodilator effects. However, in groups 2, 4, and 5,
splanchnic vasoconstriction and a fall in splanchnic
blood flow were observed, suggesting predominant
alpha receptor-mediated vasoconstriction. In group 3
with both alpha and beta receptor blockade, no change
was noted in vascular resistance or blood flow to any
of the splanchnic organs during insulin hypoglycemia.
These results suggest that insulin has no direct actions
on the vascular tone of the splanchnic circulation.

Renal blood flow did not change significantly in
group 1, but was decreased in four other groups during
insulin infusion. Although alpha receptor-mediated
vasoconstriction might have contributed to the de-
crease in renal blood flow in groups 2, 4, and 5, the
persistent increase in renal vascular resistance in group
3 suggests that insulin hypoglycemia may produce
renal vasoconstriction by a mechanism unrelated to
the sympathetic nervous system. Otsuka et al. (46) have
shown that insulin hypoglycemia causes an increase
in plasma renin activity, and further suggested that
this effect is mediated in part via insulin-induced hy-
pokalemia. Thus it is possible that the increase in renal
vascular resistance in alpha and beta receptor-blocked
animals might have resulted from the release of renin
and increased local production of angiotensin. Renal
plasma flow and glomerular filtration rate have been
shown to decrease after intravenous injection of insulin
in juvenile diabetics (47), but it is not known whether
these changes are related to sympathetic vasoconstric-
tion or to local production of renin and angiotensin.
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