PROCEEDINGS OF THE SOCIETY FOR EXPERIMENTAL BIOLOGY AND MEDICINE 152, 529-534 (1976)

Effects of Glucose or Insulin on Myocardial Performance in Endotoxin Shock®
(39433)

L. B. HINSHAW.?2 L. T. ARCHER, B. BENJAMIN, anp C. BRIDGES

Veterans Administration Hospital and Departments of Physiology and Biophysics and Surgery, University of
Oklahoma Health Sciences Center, Oklahoma City, Oklahoma 73104

Myocardial dysfunction in endotoxin or
septic shock has been observed in several
species including dog (1, 2) and man (3, 4).
The precise mechanism for the failure has
eluded description although inadequate cor-
onary perfusion has been implicated as a
primary determinant (5), and substrate defi-
ciency has been suggested or implied (6, 7).
A direct toxic action of endotoxin on the
myocardium seems to have been excluded
(1, 2), and a proposed adverse effect of a
circulating myocardial depressant factor (8)
has not been confirmed (2).

Hypoglycemia has been documented to
perform a significant role in the pathogen-
esis of endotoxin and septic shock in animals
(9-13) and man (9, 14). Hypoinsulinemia
has been reported in subhuman primate sep-
tic shock by Cryer’s group (15) and Hin-
shaw et al. (16) and in low output human
septic shock by Clowes et al. (17). Diabetic-
like glucose tolerance responses have been
observed in septic shock patients by Gump
and others (18).

Recent reports have suggested prominent
roles of glucose and insulin in improving
cardiac output in shock (6, 7, 17). Weissler
and others (19) have suggested that the ef-
fect of insulin on the hypoxic isolated per-
fused rat heart is to increase utilization of
glucose. ‘Clowes et al. (17) suspected that
infused insulin exerted a possible direct ben-
eficial action on the myocardium in septic
shock. Hiatt e al. (20) found that massive
doses of insulin (2400-7500 units) pro-
longed survival in dogs for 30 hr to 10 days
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after ligation of the circumflex branch of the
left coronary artery, whereas nontreated
control dogs died within 16 min. They pro-
posed that insulin infusion suppressed pre-
mature ventricular contractions, ventricular
tachycardia, and fibrillation and diminished
myocardial injury and ischemia (20). Our
recent work documented the development
of severe hypoglycemia during the interme-
diate stages of endotoxin shock. Animals
becoming markedly hypoglycemic (<35
mg%) died in shock, whereas those receiv-
ing intravenous infusions of 50% glucose
survived (13).

It occurred to us that the progressively
developing hypoglycemia might be related
to the precipitation of myocardial dysfunc-
tion in endotoxin shock. The purpose of the
present study was to evaluate this possibility
and determine the relative roles of glucose
and insulin in supporting cardiac function in
shock. Results from this study suggest that
both the development of myocardial dys-
function following endotoxin insult and its
subsequent reversal by insulin occur inde-
pendently from changes in blood glucose
concentrations.

Methods. Description of isolated heart
preparations. Experiments were carried out
on 15 isolated working canine heart prepa-
rations exchanging blood with intact support
animals, as previously described (1, 2). The
right ventricle was bypassed following can-
nulation of the pulmonary artery, and coro-
nary venous return was obtained from a
large-bore cannula introduced into the right
ventricle (1, 2). During an equilibrium pe-
riod, arterial blood from the support animal
was supplied to the test heart, with lungs
inflated, and the preparation was stabilized
at a mean aortic pressure of 100 mm Hg and
a cardiac output of 76 ml/min/kg (based on
the weight of the dog supplying the isolated
heart). Coronary venous return and aortic
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outflow from the isolated heart were col-
lected separately, measured volumetrically,
and returned to the support animal (1, 2).
Intraventricular pressures, including left
ventricular end diastolic pressure (LVEDP)
were monitored via pressure transducers
connected to a plastic cannula penetrating
the apex of the left ventricle. Mean aortic
pressure, pulmonary blood flow, and blood
temperature were maintained constant.
Cardiac power (grams-meters/second) and
maximum positive (+) and negative (—)dP/
dt (millimeters of Hg/second) were calcu-
lated as previously reported (1, 2). Blood
pressure in the support animal and various
parameters in the isolated heart were con-
tinuously monitored on a Sanborn recorder.
Afterload was varied periodically in order to
evaluate myocardial performance.
Description of glucose and insulin studies.
Arterial blood glucose was determined with
a Beckman glucose analyzer possessing an
accuracy of =3 mg%. Insulin (Iletin, Eli
Lilly and Company, Indianapolis, Ind.) was
either infused into the left atrium of the
isolated heart or administered to the sup-
port animal via the blood reservoir. Experi-
ments were divided into three groups of five
studies each and were composed of an initial
group receiving an LDy, of Escherichia coli
endotoxin (Difco, Detroit). Endotoxin was
administered intravenously to the support
dog and simultaneously to the isolated heart
(based on the weight of the animal supply-
ing the heart) via the pulmonary artery. Hy-
pertonic glucose, 50%, was infused in some
experiments into the reservoir receiving
blood from the isolated heart, at rates suffi-
cient to maintain the coronary arterial glu-
cose concentration constant. A second se-
ries was conducted in which endotoxin was
administered, and, following demonstration
of myocardial failure, insulin was infused
continuously into the left atrium of the iso-
lated heart for the duration of the study.
A final group of experiments was per-
formed to determine the effects of insulin
infusion on nonfailing hearts not treated
with endotoxin. Insulin was infused into the
left atrium at rates sufficient to sustain sig-
nificantly improved myocardial perform-
ance, as indicated by decreased LVEDP and
elevated dP/dt values. In approximately 1 hr
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following steady-state effects of insulin on
heart performance, insulin infusion was
stopped, the support dog was removed from
the perfusion system, isolated lungs were
ventilated with 20% O, and 5% CO,, and
the heart was monitored for approximately
1 hr. Insulin blood values in the isolated
perfusion system were determined by ra-
dioimmunoassay (Phadebas insulin test,
Pharmacia, Uppsala, Sweden).

Statistics were carried out utilizing a Stu-
dent’s ¢ test.

Results. Table I presents results from five
isolated perfused working left ventricles ex-
changing blood with intact support dogs.
Following establishment of baseline heart
performance values, an LD,,, of endotoxin
was administered to both heart and dog,
and the arterial concentration of blood glu-
cose reaching the heart was maintained
constant by infusion of 50% glucose into the
venous reservoir. Amounts of glucose in-
fused varied greatly; however, the maxi-
mum decrease in glucose values from the
control in all experiments did not exceed
4% . Results from individual heart studies
shown in Table I demonstrate myocardial
failure 3-4 hr postendotoxin: LVEDP rises
significantly in each heart, and in heart No.
5, afterload could not be elevated above 50
mm Hg without induction of irreversible
failure. Power values diminished from con-
trol in all instances while coronary blood
flows were elevated in most hearts. Changes
in positive and negative dP/dt and heart rate
were variable. These results demonstrated
that myocardial dysfunction after endotoxin
may occur independently of arterial blood
glucose concentrations, hypoglycemia being
excluded, therefore, as a prerequisite for
failure. The degree and time course of fail-
ure seen in the present series agrees with
previously published reports (1, 2) on dogs
subjected to endotoxin shock without glu-
cose administration.

Table II illustrates results from a second
series of five hearts receiving endotoxin as
in Table I but additionally infused with insu-
lin following the first significant indication
of cardiac dysfunction as verified by im-
posed afterload stresses. The average time
for demonstration of dysfunction was 3.4 hr
postendotoxin as evidenced by significant
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TABLE II. EFFecTs OF INSULIN ON MYOCARDIAL PERFORMANCE IN ENDOTOXIN SHOCK?®

Postinsulin (mean,

Postendotoxin (mean, Postinsulin (mean, 4 5 hr postendo-

Parameter Control 3 hr) hr postendotoxin) toxin)

Afterload, 100 mm Hg

LVEDP (mm Hg) 4.9 9.3 (p, 0.02) 9.8 35

Power (g-m/sec) 11.2 10.6 (p, 0.01) 10.4 10.6

Coronary blood flow?® 81 929 104 (p, 0.025) 120 (p, 0.02)

+dP/dt (mm Hg/sec) 2132 2251 2293 3137 (p, 0.02)

—dP/dt (mm Hg/sec) 2716 2028 2363 2771

Heart rate (min) 142 151 154 152

Glucose (mg%) 121 99 89 43 (p, 0.001)
Afterload, 125 mm Hg

LVEDP 6.6 17.1 (p, 0.05) 4.3 (p, 0.05) 43

Power 139 12.4 14.2 14.2

Coronary blood flow® 100 117 (p, 0.05) 124 142

+dP/dt 2725 2230 2572 2997

~dP|dt 3302 2018 (p, 0.05) 2753 2929

Heart rate 146 150 146 149

Glucose 118 98 70 33 (p, 0.05)

¢ Data from five isolated canine heart preparations maintained at constant cardiac output and afterloads of 100
mm Hg (performance evaluated at 125 mm Hg). Blood is exchanged with intact animal. Ranges of insulin infused,
70-5500 units. Statistical significance compared to controls.

® Milliliters per minute per 100 g, left ventricle.

TABLE III. EFFECTS OF INSULIN ON MYOCARDIAL PERFORMANCE IN THE ABSENCE OF ENDOTOXIN®

Postinsulin (4.0
hr) (Heart iso-

Postinsulin (1-3 hr) hr) (He:
ated, dog re-

(dog in circuit with

Postinsulin (3.5 hr)
(Heart isolated, dog

Parameter Control heart) removed) moved)
Afterload, 100 mm Hg
LVEDP (mm Hg) 2.7 0.7 (p, 0.02) 1.3 (p, 0.05) 1.4 (p, 0.02)
Power (g-m/sec) 9.3 9.5 9.4 9.4
Coronary blood flow® 103 118 114 114
+dP/dt (mm Hg/sec) 2024 3321 (p, 0.001) 2970 2636 (p, 0.02)
—dP/dt (mm Hg/sec) 2682 3448 (p, 0.01) 2983 2855
Heart rate (min) 140 154 (p, 0.05) 111 (p, 0.01) 104 (p, 0.001)
Glucose (mg%) 127 46 (p, 0.001) 28 (p, 0.001) 16 (p, 0.001)
Insulin infused (units) 7900 100 0
Afterload, 150 mm Hg
LVEDP 4.5 1.4 (p, 0.02) 2.1 2.9
Power 14.0 14.2 (p, 0.05) 14.5 14.6
Coronary blood flow?® 166 195 168 181
+dP/dt 2880 4936 (p, 0.005) 4113 (p, 0.025) 3983 (p, 0.05)
—dP/dt 3466 5020 (p, 0.02) 3895 4123 (p, 0.05)
Heart rate (min) 147 161 (p, 0.01) 114 (p, 0.025) 106 (p, 0.005)

@ Data from five isolated canine heart preparations, receiving infusions of insulin without endotoxin. Statistical

significances compared to control values.
b Milliliters per minute per 100 g, left ventricle.

afterloads (p < 0.05) within 3 hr after onset
of insulin administration. Mean +dP/dt in-
creased while the arterial glucose level fell
to 46 mg% (p < 0.001) within 3 hr of
insulin infusion at an afterload of 100 mm
Hg. During the same period, elevations of
power, +dP/dt, and —dP/dt were seen at
150 mm Hg (p = 0.05). Glucose values in

arterial blood continued to fall after re-
moval of the support animal from the heart
perfusion system, reaching concentrations
of 28 mg% at 3.5 hr and 16 mg% at 4.0 hr
while LVEDP, power, coronary blood flow,
+dP/dt, and —dP/dt remained at control
values or were improved above control val-
ues (+dP/dt, p = 0.02, at 100 mm Hg
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afterload and +dP/dt, p = 0.025, and —dP/
dt, p = 0.05, at 150 mm Hg afterload).
Insulin concentrations in the reservoir at the
end of each experiment were in excess of
320 pU/ml. These observations suggest that
insulin infusion exerts a profoundly benefi-
cial effect on myocardial performance which
is sustained for long, steady-state periods
and occurs in spite of extreme hypoglyce-
mia.

Discussion. The purpose of this report
was to determine if the hypoglycemia of
endotoxin shock bore a causal relationship
to the elicitation of myocardial dysfunction.
Previous work in this laboratory docu-
mented progressively developing cardiac
failure (1) and lethal hypoglycemia (13)
after endotoxin in the dog. It seemed rea-
sonable that some connection might exist
between the two pathophysiological phe-
nomena. Administration of hypertonic glu-
cose has been reported to elicit beneficial
myocardial responses and elevations of car-
diac output. Baue et al. (21) and Replogle
and others (22) administered 50% glucose
to dogs in shock and reported increases in
cardiac output. Beneficial effects of glucose
in critically ill patients have been reported
by Pindyck’s group (6) who observed in-
creases in cardiac output and left ventricular
stroke work with hypertonic glucose. These
above observations, including the reported
hypoglycemia in canine endotoxin shock,
the survival benefits of infused glucose (9,
13) in endotoxin shock, and recent reports
of hypoglycemia in septic shock patients (9,
14), strongly suggest that elevated blood
glucose concentrations should augment my-
ocardial performance. Results from the
present study, however, fail to confirm this
possibility: Severe myocardial dysfunction
occurred at all levels of glucose concentra-
tions (5-125 mg%), and maintenance of
glucose at control or higher levels by infu-
sion was without benefit to the myocardium.
These findings suggest that the reported
beneficial effects of infusion of hypertonic
glucose may be due to peripheral rather
than direct, cardiac actions. The observed
increase in cardiac output by Replogle’s
group (22) and maintenance of mean arte-
rial pressure in dogs shocked with endotoxin
(13) may be due to augmented venous re-
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turn and improved metabolic status follow-
ing hypertonic glucose infusion.

Of particular interest in the present study
were the significant beneficial cardiac ef-
fects of insulin in both failing and normal
hearts. Very recently Weisul’s group (7)
demonstrated the effectiveness of an infu-
sion of glucose, insulin, and potassium in
clinical septic shock. They confirmed the
presence of severe myocardial depression in
low cardiac output septic shock and al-
though isoproterenol improved perform-
ance it did not correct the depression of
cardiac function. On the other hand, a solu-
tion of glucose, insulin, and potassium dra-
matically improved performance and cor-
rected myocardial abnormalities (7). Weis-
sler et al. (19) described the beneficial ef-
fects of insulin on the performance of the
hypoxic isolated perfused rat heart and as-
cribed its benefit to the increased myocar-
dial utilization of glucose. Weisul et al. (7)
could not describe the mechanism of action
of the solution of glucose, potassium, and
insulin in their septic shock patients but sug-
gested that it was linked to the prevention of
both loss of potassium and gain of sodium in
myocardial tissue, thus supporting the trans-
membrane action potential and myocardial
contractility. Clowes and others (17) were
also unable to explain the mechanism by
which cardiac function is improved by glu-
cose, potassium, and insulin in septic shock
but suggested that glucose transport and gly-
colysis were enhanced and that the cell
membrane potential was restored. Results
from the present study indicate that insulin
infusion alone clearly improves myocardial
performance of the failing heart in endo-
toxin shock. Further, its strong inotropic
influence did not depend on existing blood
glucose levels, as was also observed in nor-
mal hearts not administered endotoxin. This
observation is consistent with the view that
insulin possesses a direct myocardial action,
since normal hearts, which would not be
expected to possess metabolic defects or al-
tered transmembrane potentials, responded
in a fashion similar to failing hearts. Of
importance is the observation that severe
hypoinsulinemia is consistently observed in
subhuman septic shock (15, 16) and in pa-
tients with low output septic shock (17).
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Since depressed heart function has been
demonstrated in human septic shock (3, 4),
the beneficial actions of infused insulin may
be due in part to its important influences on
myocardial contractility. Currently con-
ducted isolated heart studies reveal an in-
crease in heart rate from 158 to 169 beats/
min (p < 0.005) at low doses of glucagon
infusion (1 wg/min), and, since heart rates
were unchanged after insulin in the present
study, glucagon as an impurity in the insulin
solution does not appear to be the agent
mediating improvement of myocardial per-

formance. )
Summary. Past studies reported by this

laboratory have documented myocardial
dysfunction and progressively developing
hypoglycemia in canine endotoxin shock.
The purpose of the present study was to
determine the effects of glucose concentra-
tions and insulin infusions on myocardial
performance following endotoxin adminis-
tration. Experiments were carried out on
isolated, working canine left ventricular
heart preparations exchanging blood with
intact dogs. Myocardial function was evalu-
ated following endotoxin and correlated
with concentrations of glucose and effects of
insulin infusion. Cardiac dysfunction oc-
curred within 2-4 hr postendotoxin and the
degree of malfunction was not related to
arterial blood glucose concentrations. Main-
taining blood glucose at control, preshock,
levels by infusion of 50% glucose did not
prevent myocardial dysfunction as evi-
denced by elevations of left ventricular end
diastolic pressure, and depressed power. In-
fusions of insulin reversed cardiac failure
and maintained normal performance in spite
of wide ranges in glucose concentration (5-
120 mg%). Findings suggest that myocar-
dial dysfunction is not precipitated or en-
hanced by the hypoglycemia of endotoxin
shock. The beneficial actions of infused in-
sulin on cardiac performance appear to be
elicited on the basis of mechanisms other
than myocardial glucose transport.
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