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2000.—Clinical and experimental studies have suggested
benefit of treatment with intravenous glucose-insulin-potas-
sium (GIK) in acute myocardial infarction. However, patients
hospitalized with acute coronary syndromes often experience
recurrent myocardial ischemia without infarction that may
cause progressive left ventricular (LV) dysfunction. This
study tested the hypothesis that anticipatory treatment with
GIK attenuates both systolic and diastolic LV dysfunction
resulting from ischemia and reperfusion without infarction in
vivo. Open-chest, anesthetized pigs underwent 90 min of
moderate regional ischemia (mean subendocardial blood flow
0.3 ml·g21 ·min21) and 90 min reperfusion. Eight pigs were
treated with GIK (300 g/l glucose, 50 U/l insulin, and 80 meq/l
KCl; infused at 2 ml·kg21 ·h21) beginning 30 min before
ischemia and continuing through reperfusion. Eight un-
treated pigs comprised the control group. Regional LV wall
area was measured with orthogonal pairs of sonomicrometry
crystals. GIK significantly increased myocardial glucose up-
take and lactate release during ischemia. After reperfusion,
indexes of regional systolic function (external work and
fractional systolic wall area reduction), regional diastolic
function (maximum rate of diastolic wall area expansion),
and global LV function (LV positive and negative maximum
rate of change in pressure with respect to time) recovered to a
significantly greater extent in GIK-treated pigs than in
control pigs (all P , 0.05). The findings suggest that the
clinical utility of GIK may extend beyond treatment of acute
myocardial infarction to anticipatory metabolic protection of
myocardium in patients at risk for recurrent episodes of
ischemia.

ventricular function; energy metabolism; substrates

INTERVENTIONS THAT ENHANCE the availability and utili-
zation of glucose by the ischemic heart may attenuate
ischemic injury and postischemic ventricular dysfunc-
tion (7). A mixture of glucose, insulin, and potassium
(GIK) was first shown to limit electrocardiographic
changes in acute myocardial infarction by Sodi-Pal-
lares and colleagues in 1962 (33). Subsequent experi-
mental studies demonstrated a salutary effect of GIK in

limiting infarct size and improving recovery of mechani-
cal function in models of myocardial infarction (1, 21,
27). Initial clinical trials in the 1960s and 1970s
suggested that GIK reduced morbidity and mortality in
acute myocardial infarction (3, 22, 29, 31), but the
results were inconclusive. For the most part, the poten-
tial therapeutic utility of GIK was ignored for two
succeeding decades.

Recently, there has been a resurgence of interest in
GIK as a treatment for patients with acute myocardial
infarction. In a meta-analysis of nine prior clinical
studies, Fath-Ordoubadi and Beatt (10) came to the
remarkable conclusion that GIK reduced in-hospital
mortality from acute myocardial infarction by 28%.
The magnitude of this mortality reduction is compa-
rable to that achieved with thrombolytic therapy and
suggests that metabolic protection of ischemic myocar-
dium may be as important as reperfusion itself. The
DIGAMI study (20) in diabetic patients showed that
insulin-glucose infusion early in the course of acute
myocardial infarction, followed by a multidose insulin
regimen, reduced mortality compared with conven-
tional therapy. In a multicenter study in acute myocar-
dial infarction (8), treatment with GIK and a concur-
rent reperfusion strategy resulted in a 34% reduction in
mortality compared with a control group of patients
who did not receive GIK. GIK has also been shown to be
effective in improving cardiac function after cardiopul-
monary bypass and cardioplegic arrest (16, 24).

Despite the renewed interest in GIK as a clinical
intervention in acute myocardial infarction, there is a
paucity of data regarding the utility of GIK in acute
myocardial ischemia without infarction. Patients hospi-
talized with acute coronary syndromes frequently expe-
rience recurrent episodes of myocardial ischemia with-
out infarction that may cause progressive left
ventricular (LV) dysfunction. Such patients may there-
fore benefit from a strategy of anticipatory metabolic
protection. Indeed, when isolated, perfused hearts are
subjected to moderate ischemia followed by reperfu-
sion, the addition of extra glucose and insulin to the
perfusate attenuates both contractile and lusitropic
dysfunction (2, 9). To date, however, there have been no
analogous data from in vivo models.

Beneficial effects of GIK in myocardial ischemia may
result from increased myocardial glucose uptake and
glycogen content, providing additional substrate for
glycolytic energy generation. Benefit may also be due to
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reduced circulating levels and myocardial uptake of
free fatty acids (FFA; see Ref. 28). However, there are at
least two theoretical reasons why GIK might exert
deleterious effects during ischemia. First, incremental
myocardial glucose uptake due to GIK may result in
increased glycogen synthesis (energy consuming) and/or
increased glycolysis (energy producing). If, during ische-
mia, the rate of glycogen synthesis is increased to a
greater extent than the rate of glycolysis (13), the net
energetic consequence could be unfavorable. Second,
glycolysis results in formation of protons, whose accu-
mulation may promote intracellular calcium overload
and reperfusion injury. Provision of additional glyco-
lytic substrate during ischemia could exacerbate this
mechanism of injury.

This study tested the hypothesis that anticipatory
treatment with GIK attenuates both systolic and dia-
stolic dysfunction resulting from myocardial ischemia
and reperfusion without infarction in an intact, porcine
model.

MATERIALS AND METHODS

Experimental preparation. All experiments were per-
formed in accordance with the Guide for the Care and Use of
Laboratory Animals of the United States National Institutes
of Health. The experimental preparation and instrumenta-
tion of the heart have been described previously (32, 37).
Nineteen female Yorkshire-Landrace pigs, weighing 28–38
kg, were premedicated with ketamine hydrochloride (25
mg/kg im). Anesthesia was induced with 100 mg/kg iv a-chlo-
ralose and was maintained with 40 mg·kg21 ·h21 iv a-chlora-
lose. After endotracheal intubation via a tracheotomy, pigs
were mechanically ventilated with an air-oxygen mixture.
Respiratory rate and tidal volume were adjusted on the basis
of frequent arterial blood gas analyses. To prevent hypother-
mia, pigs were wrapped in recirculating warm water blankets
and insulated pads. Indomethacin (25 mg iv) was given to
prevent subsequent hemodynamic response to the injection of
fluorescent microspheres suspended in diluted Tween solu-
tion. Propranolol (1 mg/kg iv) and atropine (0.2 mg/kg iv)
were given to prevent activation of autonomic reflexes.

Figure 1 shows the instrumentation of the heart. The chest
was opened via a median sternotomy. A bipolar pacing

electrode was affixed to the left atrial appendage and was
used to maintain heart rate slightly above the spontaneous
rate. Fluid-filled catheters were inserted in the aortic arch via
a carotid artery and in the left atrium via its appendage. A
5-Fr Millar catheter (Millar Instruments, Houston, TX) was
inserted in the LV cavity through a carotid artery. To produce
dynamic alteration in preload, hydraulic cuff occluders (In
Vivo Metric, Healdsburg, CA) were placed around the inferior
and superior venae cavae. A segment of the left anterior
descending coronary artery (LAD) between its first and
second diagonal branches was dissected free of surrounding
tissue. An ultrasonic transit time flow probe (Transonic
Systems, Ithaca, NY) was placed around the vessel to monitor
coronary flow. A hydraulic cuff occluder was placed just distal
to the flow probe to produce graded myocardial ischemia. To
obtain coronary venous blood samples from the ischemic
region, a catheter was inserted in the anterior interventricu-
lar vein at a site distal to that of the LAD occluder, with the
tip of the catheter directed toward the apex of the heart.
Regional LV function was measured in the central portion of
the anterior free wall (ischemic region) and in the posterolat-
eral free wall (nonischemic region). In each region, an array of
four sonomicrometry crystals (2 orthogonal pairs) was im-
planted in the subendocardium. Each crystal array was used
to calculate regional myocardial wall area as the instanta-
neous product of the two orthogonal segment lengths (17).

Myocardial blood flow, oxygen consumption, and substrate
uptake. Transmural myocardial blood flow measurements
were made under each experimental condition using left
atrial injection of fluorescent microspheres, as previously
described (32). Oxygen, glucose, lactate, and FFA contents
were measured in paired arterial and anterior interventricu-
lar venous blood samples, as previously described (32, 35).
Uptakes of each of these substances by the anterior LV free
wall were calculated as the product of the mean transmural
blood flow and the coronary arteriovenous concentration
difference. In pigs, at least 90% of anterior interventricular
venous blood is derived from myocardium perfused by the
LAD, even under ischemic conditions (4). Insulin and potas-
sium were measured in arterial plasma by RIAand potentiom-
etry, respectively.

Experimental protocol. The following four sets of measure-
ments were made in each pig: baseline, preischemic treat-
ment, ischemia, and reperfusion. After a 30-min period of
stabilization, baseline measurements of hemodynamics, re-
gional LV function, myocardial blood flow, myocardial oxygen
and substrate uptake, and plasma insulin and potassium
were obtained. Pigs were then alternately assigned to one of
two groups. The control group (n 5 8) received an intravenous
infusion of normal saline (2 ml·kg21 ·h21), whereas the GIK
group (n 5 8) received an intravenous infusion of GIK
(glucose: 300 g/l; insulin: 50 U/l; potassium: 80 meq/l) infused
at 2 ml·kg21 ·h21. The infusions were continued for the
remaining duration of the experimental protocol. After saline
or GIK had been infused for 30 min under nonischemic
conditions, the second set of measurements was obtained
(preischemic treatment). Low-flow ischemia was then in-
duced by gradual inflation of the LAD occluder until LAD flow
rate (monitored by the transit-time flowmeter) was reduced to
50% of baseline. This degree of constriction was then main-
tained for 90 min; slight adjustments of the coronary occluder
were made as necessary to maintain constant 50% reduction
of LAD flow. We have previously shown that regional ische-
mia of this severity and duration in this model results in a
reproducible reduction of subendocardial blood flow and
regional external work to 25–35% of baseline, without histo-

Fig. 1. Instrumentation of the heart. LV, left ventricular; LA, left
atrial.
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chemical or electron micrographic evidence of myocardial
infarction (19). Between 60 and 90 min of ischemia, the third
set of measurements was obtained. After 90 min ischemia, the
coronary occluder was released. The fourth and final set of
measurements was performed between 60 and 90 min of
reperfusion. The control group of this study also served as the
control group for another contemporaneous study (37).

After euthanasia, transmural specimens of myocardium
were excised from ischemic and nonischemic regions of the LV
for analysis of regional blood flow. In addition, a transmural
sample of myocardium from the center of the ischemic region
was incubated in warm 1% triphenyltetrazolium chloride
(TTC) for 20 min and was examined for evidence of nonstain-
ing indicative of myocardial infarction (11).

Hemodynamic data collection and analysis of ventricular
function. Hemodynamic and sonomicrometry data were digi-
tized and analyzed as previously described (19, 37). Data
were collected both under steady-state hemodynamic condi-
tions and during brief occlusion of the venae cavae with
temporary suspension of mechanical ventilation. At least five
sets of data were collected under each experimental condi-
tion.

LV pressure versus wall area loops were analyzed. The
area of each loop was used as an index of the regional external
work performed in that cardiac cycle. Steady-state regional
external work was calculated as the average loop area
recorded without occlusion of the venae cavae. Regional
preload recruitable stroke work (PRSW) relations (12) were
determined during brief occlusion of the venae cavae by
plotting the area of each LV pressure versus wall area loop
against its corresponding end-diastolic wall area. End dias-
tole was defined by the initial upstroke of an intramyocardial
electrogram recorded using the intramyocardial electrocardio-
gram capability of the sonomicrometer. PRSW slope and
interecept were determined by linear regression. Because
regional wall area depends in part upon how far apart each
pair of crystals is implanted (i.e., a source of experimental
rather than physiological variability), external work and
PRSW data were normalized to their baseline values in each
experiment. Systolic function was also assessed by fractional
systolic wall area reduction (FAR), a two-dimensional analog
to fractional systolic segment shortening, calculated as

FAR 5
EDA 2 ESA

EDA

where EDA and ESA are end-diastolic and end-systolic wall
area, respectively. Peak positive change in LV pressure with
respect to time (1dP/dtmax) was calculated as an index of
global LV contractility.

Regional LV relaxation was assessed by the maximum rate
of wall area expansion (peak positive dA/dt or 1dA/dtmax)
occurring during early diastole. This is a regional analog to
peak LV filling rate. 1dA/dtmax was normalized to baseline in
each experiment. Passive diastolic properties were assessed
by examining LV end-diastolic pressure versus regional wall
area relations, using a monoexponential curve-fitting tech-
nique described previously (19). Global LV relaxation was
assessed by peak negative LV dP/dt (2dP/dtmax).

Statistical analysis. To determine if the response of a
variable differed between groups during the experimental
protocol, two-way repeated-measures ANOVA was employed,
followed by unpaired t-tests to compare the value of the
variable between groups under specific experimental condi-
tions. To determine the significance of changes in a variable
between baseline and subsequent conditions within the same
group, one-way repeated-measures ANOVA was employed,

followed by Dunnett’s procedure. Data are expressed as
means 6 SE. Statistical analysis was performed using Sigma-
Stat software (Jandel Scientific, San Rafael, CA).

RESULTS

Three pigs sustained ventricular fibrillation during
ischemia (2 in the control group and 1 in the GIK group)
and were not resuscitated. Hemodynamic and meta-
bolic data from 16 pigs that completed the experimen-
tal protocol (8 in each group) are reported below.

Regional myocardial blood flow. During ischemia,
total LAD flow (measured by the ultrasonic flow probe)
was regulated to maintain a 50% reduction from base-
line. This degree of flow reduction was associated with
moderate anterior LV subendocardial ischemia (,25%
of baseline perfusion) and milder subepicardial ische-
mia (,60% of baseline perfusion) as indicated in Table
1. Perfusion of the posterior LV did not change signifi-
cantly throughout the experimental protocol. There
were no significant differences between groups in either
LAD blood flow or regional myocardial perfusion under
any experimental condition. Incubation of myocardium
from the ischemic region in TTC resulted in homoge-
neous, transmural red staining, consistent with the
absence of myocardial infarction.

Circulating substrate and insulin levels and sub-
strate uptake of the anterior LV. At baseline, there were
no significant differences between groups in arterial
substrate, insulin, or potassium concentrations, myocar-
dial substrate uptake, or oxygen consumption (Table 2).
Infusion of GIK increased arterial glucose and insulin
concentrations, decreased arterial FFA concentration,
and did not alter plasma potassium concentration. GIK
significantly increased anterior LV glucose uptake dur-
ing both preischemic treatment and ischemia (Fig. 2).
During ischemia, there was net lactate release in both
groups; however, the GIK-treated group released signifi-
cantly more lactate, indicating enhanced anaerobic
glycolysis (Fig. 3). There was a trend to diminished
myocardial FFA uptake with GIK during both preisch-
emic treatment and ischemic periods; however, this
trend did not achieve statistical significance (Fig. 4).
Anterior LV oxygen consumption declined during ische-
mia and remained reduced during reperfusion, but
there were no significant differences between groups.
During ischemia, the coronary arteriovenous pH differ-
ence (reflecting transmyocardial production of hydro-
gen ions) was significantly greater in the GIK group
than in the control group, consistent with a higher rate
of anaerobic glycolytic metabolism. During reperfusion,
the coronary arteriovenous pH difference returned to
baseline in both groups (Table 2).

Regional systolic function. Administration of GIK
during the preischemic treatment period had no discern-
ible effect on indexes of regional systolic function. As
expected, indexes of systolic function in the anterior LV
declined during ischemia and remained depressed dur-
ing reperfusion in both groups. However, GIK-treated
pigs demonstrated significantly greater recovery of
systolic function with reperfusion (Fig. 5). Both steady-
state regional external work and FAR recovered to
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significantly greater values in the GIK group. For
example, regional external work recovered to a mean
level 38% of baseline with GIK but only to 18% of
baseline in the control group. Similarly, FAR recovered
to 38% of baseline in the GIK group but to only 4% of
baseline in the control group. The improved recovery of
systolic function with GIK was not attributable to a
difference in loading conditions, since end-diastolic
wall area (preload) and aortic systolic pressure did not
differ between groups (Table 3). Analysis of anterior LV
PRSW relations also revealed a beneficial effect of GIK.
After reperfusion, PRSW slope (the increment in re-
gional external work for a given increment in preload)
recovered to 81 6 7% of baseline in the GIK group
compared with 61 6 5% of baseline in the control group
(P , 0.05). However, there was no difference between

groups in PRSW intercept, which increased signifi-
cantly with ischemia and remained increased from
baseline during reperfusion. The effects of anterior LV
ischemia on systolic function of the posterior LV were
minor and did not differ significantly between groups
(Table 3).

Regional diastolic function. Administration of GIK
during the preischemic treatment period had no discern-
ible effect on indexes of regional diastolic function. In
the control group during both ischemia and reperfu-
sion, the maximum rate of diastolic wall area expan-
sion (1dA/dtmax) was reduced in the anterior LV. The
duration of early diastolic wall expansion was short-
ened, and early systolic wall area expansion was promi-
nent. In contrast in the GIK-treated group, 1dA/dtmax
did not change significantly between baseline and

Table 1. Regional myocardial blood flow

Baseline
Preischemic
Treatment Ischemia Reperfusion

Control GIK Control GIK Control GIK Control GIK

Flowmeter-determined blood flow, ml/min

LAD blood flow 2062 2262 2062 2262 1061* 1161* 2363 2662*

Microsphere-determined blood flow, ml·g21 ·min21

Anterior LV sub-
epicardium 1.0460.18 1.0160.18 1.2860.22 1.2960.39 0.5460.11 0.6760.15 0.9960.11 1.2560.43

Anterior LV mid-
myocardium 1.0360.19 1.1660.19 1.3460.23 1.4160.37 0.3460.15* 0.4560.17* 0.8560.15 1.2260.39

Anterior LV suben-
docardium 1.2760.23 1.0460.09 1.3160.21 1.2660.19 0.3260.15* 0.2460.06* 0.9760.20 1.0160.26

Posterior LV sub-
epicardium 1.1260.28 0.9260.07 1.3860.22 1.1060.14 1.0160.10 1.0060.15 0.9260.20 1.0760.15

Posterior LV mid-
myocardium 1.2360.25 1.0860.13 1.3160.25 1.3060.19 1.1160.05 1.1260.19 1.0260.18 1.1460.17

Posterior LV sub-
endocardium 1.1960.23 1.0860.14 1.2960.25 1.2760.21 1.1960.08 1.0260.17 0.9360.16 1.1360.27

Values are means 6 SE; n 5 8 pigs in each group. GIK, glucose-insulin-potassium; LAD, left anterior descending coronary artery; LV, left
ventricular. *P , 0.05 vs. baseline within same group.

Table 2. Insulin, potassium, substrate concentrations and myocardial oxygen consumption

Baseline
Preischemic
Treatment Ischemia Reperfusion

Control GIK Control GIK Control GIK Control GIK

Insulin, µU/ml
plasma 661 761 762 6467*‡ 561 8467*‡ 561 79610*‡

Potassium, mmol/l
plasma 4.160.2 3.960.1 3.960.2 3.960.2 3.960.1 3.960.1 4.060.1 4.260.2

Arterial glucose,
µmol/ml blood 3.860.4 3.760.5 3.960.3 8.160.4*‡ 3.960.2 9.160.7*‡ 3.760.2 7.160.8*‡

Arterial lactate,
µmol/ml blood 1.660.3 1.560.2 1.360.2* 1.460.1 1.160.1* 1.560.1† 0.960.1* 1.260.1

Arterial FFA,
µmol/ml blood 0.3660.08 0.3160.05 0.4160.09 0.2060.03*† 0.2760.04 0.1160.02*‡ 0.2660.04 0.1160.02*‡

Anterior LV MV̇O2,
µmol ·g21 ·min21 5.260.7 4.760.4 5.660.7 5.461.1 1.860.4* 2.060.4* 2.760.4* 2.960.5*

Coronary venous
pH 7.3760.02 7.3460.03 7.3760.03 7.3460.02 7.2860.04* 7.1860.04* 7.2960.03* 7.2460.02*

Coronary arterio-
venous pH
difference 0.0660.01 0.0560.01 0.0760.01 0.0960.01*‡ 0.1160.01* 0.1760.03*† 0.0660.01 0.0660.01

Values are means 6 SE; n 5 8 in each group. FFA, free fatty acid; MV̇O2, myocardial O2 consumption. *P , 0.05 vs. baseline within same
group. †P # 0.05 and ‡P , 0.01 vs. control group under same condition.
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ischemia and remained significantly greater than in
the control group during both ischemia and reperfusion
(Fig. 6, Table 3). Furthermore, the duration of early
diastolic wall area expansion remained longer, and
early systolic wall expansion was less prominent com-
pared with the control group (Fig. 6). The beneficial
effect of GIK on early diastolic wall expansion was not
attributable to a difference in left atrial driving pres-
sure, which did not differ between groups. Treatment
with GIK did not alter the effects of ischemia and
reperfusion on passive (end-diastolic) LV pressure ver-
sus wall area relations. In both groups, these relations
shifted to the right compared with baseline at low LV
end-diastolic pressures (0–3 mmHg) and became steeper
(stiffer) compared with baseline at higher end-diastolic
pressures. Neither early nor late diastolic function of
the posterior (nonischemic) LV changed significantly
under any of the experimental conditions in either
group (Table 3).

Fig. 2. Ischemic zone glucose uptake. Data are means 6 SE, n 5 8
pigs in each group. Isch, ischemia; reperf, reperfusion. Infusion of
glucose-insulin-potassium (GIK) significantly increased anterior LV
glucose uptake during preischemic treatment and ischemia. *P ,
0.05 vs. baseline within same group. †P , 0.05 and ††P , 0.01 vs.
control group under same condition.

Fig. 3. Ischemic zone lactate uptake. Data are means 6 SE; n 5 8 in
each group. During ischemia, there was net lactate release (negative
lactate uptake) in both groups; however, the GIK-treated group
released significantly more lactate. *P , 0.05 vs. baseline within
same group. †P , 0.05 vs. control group under same condition.

Fig. 4. Ischemic zone free fatty acid (FFA) uptake. Data are means 6
SE; n 5 8 in each group. There was a trend to diminished FFA uptake
with GIK in both the preischemic treatment and ischemic periods
compared with the control group. However, this trend did not achieve
statistical significance.

Fig. 5. Typical ischemic zone LV pressure vs. wall area loops in
control and GIK-treated pigs. A and B, top: LV pressure vs. wall area
loops were obtained during 10-s occlusion of the venae cavae under
baseline conditions (large loops) and after 90 min reperfusion after 90
min ischemia (small loops). Data from a pig in the control group are
shown in A, and data from a pig in the GIK group are shown in B. In
each example, a loop recorded under steady-state conditions (i.e.,
before occlusion of the venae cavae) is shown in bold, while loops
recorded during occlusion of the venae cavae are shown as light lines.
Both pigs exhibit contractile dysfunction after reperfusion, manifest
by reduced loop area (an index of regional external work) compared
with baseline. However, the recovery of loop area after reperfusion is
greater in the GIK-treated pig. A and B, bottom: preload-recruitable
stroke work (PRSW) relations derived from data in top by plotting the
area of each loop against its corresponding end-diastolic wall area
under baseline conditions (r) and after 90 min reperfusion after 90
min ischemia (k). Top point of each PRSW relation indicates steady-
state condition, corresponding to the bold loops in top. Data demon-
strate that recovery of regional external work is greater in the
GIK-treated pig than in the untreated (control group) pig.
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Global LV function: LV end-diastolic pressure was
elevated during ischemia and reperfusion in both
groups. During ischemia, LV 1dP/dtmax fell signifi-
cantly in the control group but not in the GIK group.
With reperfusion, LV 1dP/dt and dP/dtmax remained
significantly greater in the GIK group than in the
control group (Table 4), suggesting that global LV
contractility was better preserved with GIK. LV 2
dP/dtmax decreased during ischemia in both groups and
remained reduced from baseline during reperfusion;
however, the values of LV 2dP/dtmax during ischemia
and reperfusion remained significantly greater in GIK
pigs (Table 4), indicating that abnormal LV relaxation
was mitigated by GIK. Interpretation of changes in LV
dP/dt depends upon concurrent loading conditions.
Although LV end-diastolic volume and systolic wall
stress were not measured, surrogate measures of pre-
load and afterload (LV end-diastolic pressure and peak
systolic pressure) did not differ between groups. Thus
the data indicate that GIK helped to preserve global LV
systolic and diastolic function in parallel with its sal-
utary effects on regional function of the ischemic zone.

DISCUSSION

New findings of this study. This study demonstrates
that infusion of GIK exerts salutary effects on LV

Table 3. Regional left ventricular function

Baseline
Preischemic
Treatment Ischemia Reperfusion

Control GIK Control GIK Control GIK Control GIK

Anterior LV

Preload
Steady-state

end-diastolic
crystal area 1 1 1.0060.01 1.0060.01 1.1760.03* 1.1360.02* 1.0960.05 1.1060.04*

Systolic function
Steady-state

external work 1 1 0.9760.03 0.9560.03 0.2160.05* 0.3260.04* 0.1860.06* 0.3860.05*†

Fractional sys-
tolic wall area
reduction 0.2860.02 0.2960.02 0.2860.02 0.2960.02 20.0260.02* 0.0860.01*‡ 0.0160.02* 0.1160.01*‡

Diastolic function

dA/dtmax 1 1 0.9960.04 1.0160.06 0.6260.04* 0.9260.11† 0.5260.07* 0.7760.05*†

Posterior LV

Preload
Steady-state

end-diastolic
crystal area 1 1 0.9760.02 1.0060.01 1.0460.02 1.0960.03* 1.0260.02 1.0760.03*

Systolic function
Steady-state

external work 1 1 0.9960.04 0.9960.02 0.9360.04 0.9560.05 0.8360.02* 0.8760.07

Fractional sys-
tolic wall area
reduction 0.2760.03 0.2960.02 0.2660.03 0.2860.02 0.3260.03* 0.3460.01* 0.2960.06 0.3160.01

Diastolic function
dA/dtmax 1 1 0.9460.04 0.9860.03 0.9060.09 0.9060.08 0.9060.10 0.9060.09

Values are means 6 SE; n 5 8 in each group. dA/dtmax, maximum rate of diastolic wall area expansion with respect to time. Except for
fractional systolic wall area reduction, all values are expressed as fraction of baseline. *P , 0.05 vs. baseline within same group. †P , 0.05 and
‡P , 0.01 vs. control group under same condition.

Fig. 6. Typical recordings of regional wall area and the first deriva-
tive of wall area with respect to time (1dA/dt). Top: recordings from
ischemic zone of a pig from the control group. Bottom: recordings from
ischemic zone of a pig from the GIK group. For both pigs, recordings
are shown under baseline conditions (A) and after 90 min reperfusion
after 90 min ischemia (B). Under baseline conditions, both pigs
exhibit rapid diastolic wall expansion and no evidence of early
systolic wall expansion. After reperfusion, the pig from the control
group exhibits impaired early diastolic wall expansion (reduced
1dA/dtmax); early systolic wall expansion is also evident. In compar-
sion, the GIK-treated pig exhibits greater recovery of 1dA/dtmax and
less prominent early systolic wall expansion. Note that absolute
values of wall area and dA/dt vary between pigs because of differences
in distance between pairs of ultrasonic crystals at implantation.
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function during and after ischemia without infarction
in vivo. These effects were determined using rigorous
methods to analyze regional LV function. Both regional
systolic function (external work, FAR, and PRSW slope)
and diastolic function (maximal rate of diastolic wall
area expansion) were better preserved during ischemia
and reperfusion in GIK-treated pigs compared with
untreated pigs. Furthermore, these effects were paral-
leled by higher values of LV 1dP/dtmax and 2dP/dtmax
after ischemia and reperfusion, implying improved
recovery of global LV contractility and relaxation. These
findings suggest that the clinical utility of GIK may
extend beyond its prior application in acute myocardial
infarction (8, 10) to the treatment of episodic myocar-
dial ischemia and unstable coronary syndromes.

Effects of GIK on myocardial substrate metabolism.
The effects of GIK on myocardial substrate metabolism
were examined during preischemic, ischemic, and reper-
fusion periods. In the preischemic period, GIK-treated
hearts demonstrated increased glucose uptake, a trend
to decreased FFA uptake, and no difference in lactate
uptake compared with untreated hearts. Approxi-
mately two-thirds of the additional glucose uptake by
GIK-treated hearts can be explained by a shift in
oxidative substrate from FFA to glucose, since oxida-
tion of 4 mol of glucose consumes as much oxygen as
oxidation of 1 mol of FFA, and oxygen consumption did
not differ between groups. The remainder of the in-
creased preischemic glucose uptake by GIK-treated
hearts was likely used for synthesis and accumulation
of additional myocardial glycogen (15). In isolated,
perfused hearts, a high preischemic glycogen content
has been associated with improved functional recovery
from moderate myocardial ischemia (6), and this may
be a mechanism of benefit of GIK in the current study.

During ischemia, myocardial glucose uptake in GIK-
treated pigs was greater than that in untreated pigs by
an average of 0.42 µmol·g21 ·min21. Approximately
two-thirds of this difference (0.27 µmol·g21 ·min21)
may be explained by increased anaerobic glycolysis
(i.e., nonoxidative metabolism of glucose to lactate),
based on the observation that mean lactate release
from the ischemic myocardial region was 0.54
µmol·g21 ·min21 greater in GIK-treated pigs than in
untreated pigs (0.75 vs. 0.21 µmol·g21 ·min21) and that
2 mol of lactate are produced from 1 mol of glucose
through glycolysis.

The effect of GIK on myocardial ATP synthesis dur-
ing ischemia can be estimated as follows. Each mole of
net lactate release is associated with 1 mol of ATP
synthesis by anaerobic glycolysis. Accordingly, anaero-
bic ATP production during ischemia can be estimated at
0.75 µmol·g21 ·min21 in GIK-treated pigs and 0.21
µmol·g21·min21 in untreated pigs. Furthermore, assum-
ing that 6 mol of ATP are synthesized for every mole of
oxygen consumed, the contribution of anaerobic ATP
production to total transmural ATP production aver-
aged 8% in GIK-treated pigs but only 2% in untreated
pigs. In the subendocardium, the relative contribution
of anaerobic ATP production is likely to have been even
greater. ATP production by anaerobic glycolysis may
help to maintain vital cellular processes during ische-
mia. In ischemic isolated perfused hearts, the incremen-
tal ATP production facilitated by supplemental glucose
and insulin attenuates the decline of myocardial high-
energy phosphates and leads to improved postischemic
recovery of contractile function (9). Furthermore, glyco-
lytic ATP production during ischemia may play an
important role in maintaining LV relaxation by limit-
ing intracellular calcium accumulation (36).

Table 4. Hemodynamic data

Baseline
Preischemic
Treatment Ischemia Reperfusion

Control GIK Control GIK Control GIK Control GIK

Heart rate,
min21 11162 11262 11061 11262 11061 11362 11161 11362

Mean aortic
pressure,
mmHg 9863 9761 9465 10064 8765 8667 8565 8568

LV systolic
pressure,
mmHg 10464 11265 10265 11265 9465 9665 9064 9366

LV end-diastolic
pressure,
mmHg 861 861 861 861 1462* 1161* 1462* 1162*

LA mean pres-
sure, mmHg 461 561 461 561 762 861 962 961

LV 1dP/dtmax
Fraction of
baseline,
mmHg/s 1 (1,7926124) 1 (1,5346112) 1.0260.01 0.9960.01 0.7560.03* 0.9260.02‡ 0.6260.02* 0.8260.04*†

LV 2dP/dtmax
Fraction of
baseline,
mmHg/s 1 (22,5346335) 1 (22,1186205) 0.9860.02 1.0360.02 0.6860.04* 0.8160.04*† 0.6160.03* 0.8260.07*†

Values are means 6 SE; n 5 8 in each group. LA, left atrial; dP/dtmax, maximum change in pressure with respect to time. *P , 0.05 vs.
baseline within same group. †P , 0.05 and ‡P , 0.01 vs. control group under same condition.
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Approximately one-third of the difference in glucose
uptake between GIK-treated and untreated hearts
during ischemia cannot be accounted for by increased
anaerobic glycolysis and lactate release and is most
likely explained by increased oxidation of glucose in
lieu of FFA and/or by increased glycogen synthesis. A
beneficial effect of GIK due to one or more of the above
mechanisms was evident before reperfusion, since end-
ischemic indexes of regional and global systolic and
diastolic LV function were significantly better in GIK-
treated pigs than in untreated pigs.

During reperfusion, GIK did not affect the pattern of
myocardial substrate uptake or oxygen consumption.
In both groups, glucose uptake was greater than base-
line, but net lactate uptake was much less than base-
line. These findings imply a persistently increased rate
of lactate production from anaerobic glycolysis despite
normal myocardial perfusion and oxygen delivery and
are consistent with previous observations that glucose
oxidation is impaired in reperfused myocardium (18).
Although interventions that stimulate glucose oxida-
tion in reperfused hearts have been shown to improve
functional recovery (18), the lack of any effect of GIK on
substrate uptake or oxygen consumption during reper-
fusion suggests that this was not the mechanism of
benefit of GIK in the current study.

Accumulation of fatty acyl metabolites during ische-
mia may be toxic to cardiac myocytes, causing mitochon-
drial damage and alterations in membrane ion chan-
nels (26). One of the potential salutary effects of GIK is
an insulin-mediated reduction in circulating FFA con-
centrations, with consequent reduction in myocardial
FFA uptake (30). In this porcine model, baseline levels
of circulating FFA are low (mean arterial plasma
concentration 0.3 µmol/ml) compared with mean values
of ,0.8 µmol/ml in healthy human volunteers (14).
Nonetheless, GIK caused significant reductions in
arterial FFA concentration in our model (to ,0.1 µmol/
ml) and a trend toward reduced FFA uptake during
ischemia. Therefore, it is possible that reduced uptake
of FFA during ischemia contributed to the bene-
ficial effects of GIK on regional LV function in this
model.

Increased myocardial acidosis due to accelerated
glycolytic generation of hydrogen ions is a potential
concern over the use of GIK in myocardial ischemia (6).
Although intracellular pH was not measured in the
current study, coronary venous pH was lower and the
coronary arteriovenous pH difference was significantly
greater in the GIK group than in the control group
during ischemia. Therefore, improved systolic and dia-
stolic LV function with GIK occurred despite increased
myocardial hydrogen ion generation during ischemia.

Insulin has been purported to increase cardiac out-
put and exert direct positive inotropic effects in some
experimental models (34). Administration of GIK be-
fore the onset of ischemia enabled us to determine if
such direct inotropic effects were evident in this model.
We found no discernible effects of GIK on either systolic
or diastolic LV function during the preischemic treat-
ment period. Therefore, the improvement in postisch-

emic function with GIK cannot be attributed to a direct
inotropic effect of insulin.

Limitations. Postischemic LV dysfunction is gener-
ally more severe in anesthetized, open-chest animals
than in conscious animals (5). The protective effect of
GIK may also depend on these conditions. Pretreat-
ment of pigs with indomethacin and propranolol may
also have influenced the severity of postischemic LV
dysfunction (23, 25); however, any effects due to these
agents would be expected in both experimental groups.
Changes in myocardial glycogen and high-energy phos-
phate content with GIK have been measured previ-
ously and may be related to therapeutic effect in
ischemia (28); however, these substances were not
measured in the current study. We examined the
anticipatory use of GIK (i.e., treatment begun before
ischemia) but did not determine whether a similar
benefit can be achieved by treatment initiated at or
after the onset of ischemia.

Implications. Many patients who are admitted to
hospital with unstable coronary syndromes experience
early, recurrent episodes of myocardial ischemia. These
episodes can cause both systolic and diastolic LV dys-
function, even in the absence of myocardial infarction
and thereby contribute to morbidity and mortality. Just
as such patients are treated with a combination of
antianginal, antiplatelet, and anticoagulant drugs to
prevent or mitigate the effects of further ischemic
episodes, a strategy of anticipatory metabolic protec-
tion with GIK may also be valuable. Based on data from
this study in a model of moderate myocardial ischemia
without irreversible injury, the clinical benefits of GIK
may extend beyond its prior application in patients
with myocardial infarction to patients with intermedi-
ate coronary syndromes, such as unstable angina, who
are at high risk for early, recurrent episodes of ische-
mia.
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