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Abstract

 

Myocardial regions perfused through a coronary stenosis

may cease contracting, but remain viable. Clinical observa-

tions suggest that increased glucose utilization may be an

adaptive mechanism in such “hibernating” regions. In this

study, we used a combination of 

 

13

 

C-NMR spectroscopy,

GC-MS analysis, and tissue biochemical measurements to

track glucose through intracellular metabolism in intact

dogs infused with [1-

 

13

 

C]glucose during a 3–4-h period of

acute ischemic hibernation.

During low-flow ischemia [3-

 

13

 

C]alanine enrichment was

higher, relative to plasma [1-

 

13

 

C]glucose enrichment, in is-

chemic than in nonischemic regions of the heart, suggesting

a greater contribution of exogenous glucose to glycolytic

 

flux in the ischemic region (

 

z

 

 72 vs. 

 

z

 

 28%, 

 

P

 

 

 

,

 

 0.01). Both

the fraction of glycogen synthase present in the physiologi-

cally active glucose-6-phosphate–independent form (46

 

6

 

10 vs. 9

 

6

 

6%, 

 

P

 

 

 

,

 

 0.01) and the rate of incorporation of cir-

culating glucose into glycogen (94

 

6

 

25 vs. 20

 

6

 

15 nmol/

gram/min, 

 

P

 

 

 

,

 

 0.01) were also greater in ischemic regions.

Measurement of steady state [4-

 

13

 

C]glutamate/[3-

 

13

 

C]ala-

nine enrichment ratios demonstrated that glucose-derived

pyruvate supported 26–36% of total tricarboxylic acid cycle

flux in all regions, however, indicating no preference for

glucose over fat as an oxidative substrate in the ischemic

myocardium. Thus during sustained regional low-flow is-

chemia in vivo, the ischemic myocardium increases its utili-

zation of exogenous glucose as a substrate. Upregulation is

restricted to cytosolic utilization pathways, however (glycol-

ysis and glycogen synthesis), and fat continues to be the ma-

jor source of mitochondrial oxidative substrate. (

 

J. Clin. In-

vest.

 

 1996. 98:62–69.) Key words: glycogen 

 

•

 

 coronary artery

disease 

 

•

 

 hibernation 

 

•

 

 glycolysis 

 

•

 

 NMR spectroscopy

 

Introduction

 

In patients with ischemic heart disease, myocardial regions
perfused through a critically narrowed coronary artery may
lose the ability to contract, yet remain viable for prolonged pe-

riods (1). These underperfused “hibernating” regions presum-
ably follow successful strategies for preserving cellular viability
during ischemia. Distinguishing such regions from nonviable
myocardium is moreover of significant practical importance to
the clinician. Nevertheless, the metabolic adaptation to re-
duced coronary flow remains incompletely understood.

In the experimental setting, reducing coronary blood flow
acutely lowers tissue concentrations of high-energy phos-
phates, stimulates glycogen breakdown and glycolysis, in-
creases lactate production, and abolishes contraction (2–7).
However, over time lactate production diminishes, and high-
energy phosphate concentrations stabilize (4) or even recover
(3), as the ischemic myocardium downregulates its energy ex-
penditures to match the reduced rate of production. While
downregulation of myocardial energy consumption is un-
doubtedly an important adaptive response to reduced coro-
nary flow, continued myocardial viability necessarily requires
the operation of energy-generating processes in an environ-
ment that may be characterized by low oxygen tension, acidic
pH, or other metabolic abnormalities. How these processes
compare with those operating in the aerobic myocardium is
not known. However, both theoretical considerations and em-
piric observations suggest that the myocardium may increase
its uptake and utilization of glucose under such conditions (8–12).

Glucose imported into the heart is metabolized via three
principal pathways: (

 

a

 

) glycolysis ending in lactic acid forma-
tion; (

 

b

 

) glycolytic production of pyruvate, with subsequent
flux through pyruvate dehydrogenase (PDH)

 

1

 

 to complete oxi-
dation in the tricarboxylic acid (TCA) cycle; and (

 

c

 

) storage as
glycogen. These pathways differ significantly in their quantita-
tive contribution to cellular energy production. Furthermore,
evidence suggests that myocardial energy metabolism may be
compartmentalized, such that ATP generated in the cytosol
via glycolysis may be more readily available for use by pro-
cesses presumably important for cellular viability (e.g., ion
transport [13]), than ATP generated oxidatively in mitochon-
dria (13, 14). Thus it would seem important to understand how
glucose imported into the underperfused myocardium is parti-
tioned among various potential utilization pathways. Indeed,
this point is illustrated by recent observations that glycogen
concentration is increased in chronically underperfused, hiber-
nating regions of the diseased human heart (15–17), raising the
possibility that glucose imported into such regions may be di-
verted away from energy generating pathways altogether, and
toward storage.
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Recently, it has become possible to examine myocardial
metabolism using 

 

13

 

C-NMR spectroscopy in the isolated heart
perfused with defined mixtures of 

 

13

 

C-labeled substrates. With
this technique, hearts perfused aerobically with [1-

 

13

 

C]glucose
accumulate [3-

 

13

 

C]alanine and [4-

 

13

 

C]glutamate in proportion
to rates of glycolysis and glucose-supported TCA cycle activ-
ity, respectively (18). Furthermore, the steady state [4-

 

13

 

C]
glutamate/[3-

 

13

 

C]alanine enrichment ratio can be used to esti-
mate the proportion of TCA cycle activity supported by glu-
cose flux through the PDH complex, relative to that supported
by free fatty acids (FFA) or other substrates (19–21). This
quantity may be particularly important to know in the is-
chemic myocardium. Both Kobayashi (22), using traditional
biochemistry in the isolated perfused rat heart, and Lewan-
dowski (23), using 

 

13

 

C-NMR spectroscopy in the perfused
rabbit heart, have observed concordant impairment in PDH
activity and contractility in the ischemic setting and have dem-
onstrated that stimulating PDH improves mechanical func-
tion.

While 

 

13

 

C-NMR studies of isolated buffer–perfused hearts
have provided useful insights, the use of nonphysiologic perfu-
sate compositions, perfusion rates, and work loads in such
preparations makes extrapolation to the clinical situation diffi-
cult, nor can ischemic hibernation be adequately modeled in
the isolated heart. Accordingly, in this study we combined 

 

13

 

C-
NMR spectroscopy with tissue biochemical analysis to exam-
ine the metabolic fate of glucose imported into the heart in a
clinically relevant canine model of acute regional ischemic hi-
bernation. We specifically addressed three questions: first,
whether NMR spectroscopy can be used to track circulating

 

13

 

C-glucose through glycolytic and oxidative pathways in the
hearts of intact large animals; second, whether sustained low-
flow ischemia increases the fraction of TCA cycle activity sup-
ported by pyruvate, relative to FFA, within the hibernating
region (that is, whether ischemia shifts myocardial oxidative
substrate preference from FFA to glucose); and third, whether
ischemia alters glycogen metabolism in a manner which might
explain the increased glycogen content of chronically hibernat-
ing myocardium in patients with coronary artery disease.

 

Methods

 

Experimental preparation

 

17 mongrel dogs of either sex, weighing 20–30 kg, were studied after
an overnight fast. All experimental procedures were approved by the
Animal Care and Use Committee of the Yale University School of
Medicine. Animals were anesthetized with thiomalol sodium (25 mg/
kg, i.v.) and mechanically ventilated. General anesthesia was main-
tained with nitrous oxide/oxygen (3:1) and halothane (1.0–1.5%). Ox-
ygenation and ventilation were monitored by periodic measurement
of arterial blood gasses. Core temperature was measured with a ther-
mistor positioned in the right atrium and maintained between 34

 

8

 

C
and 37

 

8

 

C using a heating blanket and insulating wraps.
The heart was exposed through a left lateral thoracotomy and

suspended in a pericardial cradle. The left anterior descending
(LAD) coronary artery was encircled with a hydraulic occluder as far
proximally on the LAD as the anatomy of side branches would allow.
A catheter was inserted into a distal LAD branch to monitor distal
perfusion pressure. Other catheters were placed into veins draining
the LAD and left circumflex (LCX) coronary perfusion beds for re-
gional venous blood sampling, the abdominal aorta for arterial blood
sampling and recording systemic arterial pressure, and the left atrium
for infusion of isotopes or radioactive microspheres. Doppler crystals
(Crystal Biotech, Hopkinton, MA) were sewn to the epicardium of

the central LAD and LCX perfusion beds to record regional trans-
mural systolic thickening. The surgical preparation has been reported
in detail previously (24).

 

Experimental protocol

 

Regional low-flow myocardial ischemia protocol.

 

After surgical prep-
aration, dogs were divided into two groups. Group 1 (

 

n

 

 

 

5

 

 11) was
used for all metabolic measurements. To avoid possible interference
with measurement of tissue 

 

3

 

H activity in group 1, a separate group of
identically prepared dogs (group 2, 

 

n

 

 

 

5

 

 6) was used to define myocar-
dial blood flow with radioactive microspheres. Basal measurements
were made of distal LAD perfusion pressure, systolic thickening in
the LAD and LCX regions, and the lactate concentration of aortic,
LAD venous, and LCX venous blood. The hydraulic occluder was
then inflated to reduce mean distal LAD pressure to approximately
one-half that of the aorta, for either 3 (

 

n

 

 

 

5

 

 8) or 4 (

 

n

 

 

 

5

 

 3) h. 4-h ex-
periments were performed to allow a longer period for isotopic equil-
ibration, as described below. Regional systolic thickening and arterio-
venous lactate balance were measured at intervals during the LAD
stenosis to characterize the low-flow ischemic state.

 

13

 

C-Labeling of plasma glucose and intracellular glucose metabo-

lites.

 

During LAD stenosis, 99% enriched 

 

d

 

-[1-

 

13

 

C]glucose (ISOTEC,
Miamisburg, OH), reconstituted as a 20% solution in water, was in-
fused into the left atrium at a rate of 1.0 mg/kg/min. This rate was
chosen to achieve maximum 

 

13

 

C enrichment of plasma glucose and its
intracellular metabolites, without significantly altering the plasma
glucose concentration. In eight dogs, 

 

13

 

C-glucose was infused for the
final 2 h of a 3-h period of LAD stenosis. In the three remaining dogs,
to control for potential regional differences in the rate of isotopic
equilibration between plasma and intracellular carbon pools, the
LAD stenosis was extended to 4 h and 

 

13

 

C-glucose was infused for ei-
ther the final 3 h (

 

n

 

 

 

5

 

 2) or the entire 4 h (

 

n

 

 

 

5

 

 1) of ischemia. Arterial
plasma was collected at 15-min intervals during 

 

13

 

C-glucose infusion for
measurement of chemical glucose concentration and [1-

 

13

 

C]glucose
fractional enrichment.

 

Measurement of regional myocardial glycogen synthesis.

 

A subset
of four dogs in group 1 also received a trace intravenous infusion of

 

d

 

-[3-

 

3

 

H]glucose (5 

 

m

 

Ci/min) during the final hour of low-flow is-
chemia, to label newly synthesized glycogen in the LAD and LCX re-
gions. In these dogs, 0.5 ml of whole blood was collected at 10-min in-
tervals during 

 

3

 

H-glucose infusion, deproteinized by diluting 1:1 with
an ice-cold solution of 10% trichloroacetic acid, and the acid superna-
tant saved for measurement of whole blood 

 

3

 

H-glucose specific radio-
activity (25, 26).

At the conclusion of each experiment the heart was quickly ex-
cised. Care was taken to continue 

 

13

 

C- and 

 

3

 

H-glucose infusions and
to maintain the LAD stenosis, until the actual moment of excision.
Central portions (

 

z

 

 4 grams) of the ischemic LAD and control LCX
perfusion beds were rapidly excised, divided into epicardial and en-
docardial halves, and frozen by clamping between aluminum blocks
chilled in liquid nitrogen. This resulted in four tissue samples for each
heart, which are referred to as anterior endocardium, anterior epicar-
dium, posterior endocardium, and posterior epicardium. All tissue
and plasma samples were stored at 

 

2

 

80

 

8

 

C.

 

Measurement of myocardial blood flow.

 

 In the six dogs in group 2,
radioactive microspheres were injected into the left atrium before ap-
plying the LAD stenosis, and again after 60 and 120 min of ischemia.
After 4 h of low-flow ischemia, hearts were sectioned transversely,
stained with triphenyltetrazolium chloride to exclude the presence of
myocardial necrosis, and regional myocardial blood flow calculated
as described previously (27).

 

Analytical methods

 

Plasma glucose, lactate and insulin concentration, and lactate arterio-

venous balance.

 

Glucose concentration (mM) in plasma and in
trichloroacetic acid extracts of whole blood was measured using an
enzymatic method (28). Plasma insulin was measured using a double
antibody radioimmunoassay. Arterial and coronary venous blood lac-
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tate concentrations (mM) were determined using an automated lac-
tate oxidase analyzer (YSI analyzer; Yellow Springs Instrument Co.,
Yellow Springs, OH). Lactate extraction (

 

m

 

mol/ml) across the LAD
and LCX regions was calculated by subtracting the coronary venous
from the arterial concentration; percent extraction was calculated by
dividing this arterial-minus-venous lactate concentration difference
by arterial lactate concentration, and multiplying by 100.

 

Plasma and tissue 

 

13

 

C enrichments. Tissue preparation:

 

Amino acids
were extracted from 

 

z

 

 1.0 gram of frozen myocardium by homogeni-
zation in cold 6% perchloric acid. Alanine, aspartate, glutamate, and
lactate were purified by means of a 0.9 

 

3

 

 150 cm Dowex-50 (200–400
mesh) column equilibrated with ammonium formate (0.1 M, pH 3.0)
as described previously (21). The absolute 

 

13

 

C enrichments at each
carbon position (except the carboxyl carbons, which were assumed to
be present at natural abundance) were determined algebraically from
the relative enrichment at each carbon (determined from the

 

13

 

C-NMR spectra) and the absolute total enrichment (determined
from GC-MS analysis).

 

NMR methodology:

 

13

 

C-NMR spectra were acquired at 125.76
MHz (AM 500; Bruker Instruments, Inc., Billerica, MA) using a stan-
dard 

 

13

 

C/

 

1

 

H probe. Briefly, spectra were acquired using a 30

 

8

 

 pulse,
quadrature detection, digital resolution of 2.7 Hz/point, and with a
pulse program for inverse-gated heteronuclear WALTZ decoupling
with a delay of 1 s between pulses.

 

GC-MS methodology:

 

GC-MS analysis was performed with a gas
chromatograph (HP-1 capillary column, 12 mm 

 

3

 

 0.2 mm 

 

3

 

 0.33 

 

m

 

m
film thickness; model 5890, Hewlett-Packard Co., Palo Alto, CA) in-
terfaced to a HP 5971A mass selective detector operating in the posi-
tive chemical ionization mode with methane as reagent gas. Glucose
was derivatized as the pentaacetate, and isotopic enrichment deter-
mined from the ion intensities of m/z 331 to 334. Amino acids were
derivatized and analyzed by GC-MS as the trifluoroacetyl 

 

n

 

-butyl es-
ter (29). Isotopic enrichment of alanine was determined from the ion
intensities of m/z 242 to 247, aspartate from m/z 342 to 348, and
glutamate m

 

1

 

1 to m

 

1

 

5 from m/z 356 to 363.

 

Regional glycogen concentration and glycogen synthesis rate.

 

Dupli-
cate small portions (

 

z

 

 100 mg) of each frozen tissue sample were as-
sayed for glycogen by potassium hydroxide solubilization, ethanol
precipitation, and amyloglucosidase digestion, as described previ-
ously (25, 26). Duplicate results were averaged and expressed as

 

m

 

mol glucose per gram wet weight of tissue.
For the four dogs infused with 

 

3

 

H-glucose, acid extracts of whole
blood were counted for glucose 

 

3

 

H radioactivity by liquid scintillation
spectrophotometry, after air drying to remove [

 

3

 

H]H

 

2

 

O. Specific ra-
dioactivity (dpm/

 

m

 

mol) was calculated by dividing these counts by
the glucose content of each sample. Each dog’s average specific ra-
dioactivity during 

 

3

 

H-glucose infusion was then determined by the
trapezoidal method (26).

Rates of incorporation of circulating glucose into glycogen (

 

m

 

mol/
gram/min) in each myocardial region were determined by dividing
the 

 

3

 

H radioactivity of each prepared glycogen sample by the product
of average blood specific radioactivity, tissue weight, and 

 

3

 

H-glucose
infusion time (25, 26).

 

Glycogen synthase and phosphorylase activities.

 

Samples (50–60 mg)
of frozen myocardium were homogenized at 4

 

8

 

C in a solution of 150

 

m

 

mol/liter potassium fluoride, 30 

 

m

 

mol/liter EDTA, and 30% (wt/
vol) glycerol, and centrifuged at 5,000 

 

g

 

. Supernatants were used to
assay glycogen synthase and phosphorylase activities by modifica-
tions of the procedures of Thomas (30) and of Tan (31), respectively,
as described previously (25, 26).

Glycogen synthase activity was measured at low (0.17 

 

m

 

mol/liter)
and saturating (7.2 

 

m

 

mol/liter) concentrations of its activator glucose-
6-phosphate. Activity at 0.17 

 

m

 

mol/liter is referred to as glucose-6-
phosphate independent (GS I) and is considered the physiologic ac-
tivity of the enzyme, while that at 7.2 

 

m

 

mol/liter glucose-6-phosphate
is considered total activity. Glycogen phosphorylase activity was simi-
larly measured in the absence (GPa activity) or presence (total GP
activity) of 5 

 

m

 

mol/liter adenosine monophosphate.

 

Data analysis

 

Lactate arterial-venous concentration differences at each time point
were examined for significance using paired Student’s 

 

t

 

 tests. Trends
between time points were tested by repeated measures ANOVA.
Comparisons between myocardial regions were made using one-way
ANOVA. Unless stated otherwise, all data are presented as
mean

 

6

 

SEM.

 

Results

 

Hemodynamics.

 

Hemodynamic measurements in group 1 and
2 dogs are summarized in Table I. As can be seen, the group used
to measure myocardial blood flow did not differ significantly
from the group used to characterize substrate metabolism.

 

Regional myocardial blood flow.

 

None of the six dogs in
group 2 exhibited myocardial necrosis by ex vivo triphenyltet-
razolium chloride staining. Results of myocardial blood flow
measurements are shown in Table II. LAD stenosis reduced
blood flow in the endocardial layer of the anterior left ventri-
cle by 

 

z

 

 50%, while having minimal effect on overall epicar-
dial flow, thus reducing transmural flow by 

 

z

 

 25%. Blood flow
in the control posterior left ventricle was slightly higher than
basal 60 min into the LAD stenosis, but by 120 min was not
different than basal.

 

Regional perfusion pressure, contractile function, and arterio-

venous lactate balance.

 

Fig. 1 shows relevant functional and
metabolic characteristics of hearts in group 1 dogs. In the basal
state, mean pressure in the distal LAD and aorta were equal,
the LAD and LCX regions each exhibited transmural systolic
thickening, and the heart extracted 25

 

6

 

5% of arterial blood
lactate. LAD stenosis lowered distal LAD perfusion pressure
by 50% and reduced systolic thickening in the LAD region to
2

 

6

 

3% of basal, while LCX region thickening tended to in-
crease slightly. LAD stenosis also converted arteriovenous lac-
tate balance across the LAD region from net extraction to
neutral (i.e., arterial-minus-venous lactate concentration not
significantly different from zero). While there was a trend to-
ward relatively lower LAD coronary venous lactate concentra-

 

Table I. Hemodynamic Parameters in Group 1 and Group 2 Dogs

 

Basal HR Ischemic HR Basal MAP Ischemic MAP Basal MLADP Ischemic MLADP Basal LCX-TH Ischemic LCX-TH Basal LAD-TH Ischemic LAD-TH

 

min

 

2

 

1

 

min

 

2

 

1

 

mmHg mmHg mmHg mmHg % % % %

 

Group 1 104

 

6

 

16 110

 

618 97610 101613 93611 5168* 1367 1565 2067 066*

Group 2 114615 119620 103627 95626 102626 58615* 1264 1166 2165 467*

Hemodynamic data (mean6SD) for group 1 (n 5 11) and group 2 (n 5 6) dogs. There were no differences between the groups for any individual pa-

rameter. *P , 0.05 vs. basal value. HR, heart rate; MAP, mean aortic pressure; MLADP, mean LAD pressure; LAD-TH, percent systolic thickening

in the LAD coronary region; LCX-TH, percent systolic thickening in the LCX coronary region.
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tions during the final hour of ischemia, net extraction did not
resume.

Plasma and tissue 13C labeling. Infusion of d-[1-13C]glucose
at 1 mg/kg/min for 2 h increased arterial plasma glucose 13C en-
richment to 23.562.8 atoms percent excess (APE) above natu-
ral abundance. Basal plasma glucose concentration averaged
5.561.0 mM, and during d-[1-13C]glucose infusion ranged be-
tween 4.6 and 5.6 mM. Glucose 13C enrichment did not in-
crease much further when the infusion was extended to 3 or 4 h

(Table III), suggesting that plasma enrichment was nearly
steady state after 2 h. Plasma insulin concentration averaged
3.961.4 mU/ml basally and did not change (4.261.9 mU/ml)
during LAD stenosis or d-[1-13C]glucose infusion.

NMR analysis of myocardial acid extracts demonstrated
13C labeling of the C-3 carbons of alanine, and the C-3 and C-4
carbons of glutamate, in all 11 dogs in group 1. Fractional en-
richments were lower than those of plasma glucose, ranging
from 1–2.5 APE above natural abundance for glutamate C-4 to
4–9 APE for alanine C-3. Nevertheless, the alanine C-3 and
glutamate C-4 peaks could be resolved and peak areas mea-
sured in spectra from all dogs. The resulting data for glucose,
alanine, and glutamate fractional 13C enrichment are shown in
Table III. Examination of these data revealed that after 2 h of
[1-13C]glucose infusion, [3-13C]alanine enrichment was signifi-
cantly higher in both the endocardial and epicardial layers of
the anterior left ventricle than in the two posterior regions,
suggesting increased relative contribution of exogenous glu-
cose to the cellular pyruvate pool in the anterior myocardium.
Average [4-13C]glutamate enrichment was also higher in the
anterior regions, but this reflected simply the higher fractional
enrichment of its pyruvate precursor pool, as the [4-13C]glu-
tamate/[3-13C]alanine enrichment ratio did not differ signifi-
cantly among regions. Extending the [1-13C]glucose infusion
period to 3 or 4 h modestly increased the fractional enrich-
ments of glucose, alanine, and glutamate, but did not change
the [4-13C]glutamate/[3-13C]alanine enrichment ratio of any of
the regions, indicating that these pools were at steady state 13C
equilibrium in both ischemic and normally perfused myocar-
dial regions after 2 h of [1-13C]glucose infusion.

Regional glycogen concentration. In group 1 dogs, regional
glycogen concentrations averaged 28.0610.1 (anterior en-
docardium), 30.565.2 (anterior epicardium), 33.1610.5 (poste-
rior endocardium), and 37.069.1 (posterior epicardium) mmol/
gram wet weight. Results after 3 and 4 h of low-flow ischemia
did not differ appreciably and have been combined. Although
there was a trend toward lower glycogen concentration in the
anterior endocardium, there were no significant differences
among regions in these 11 studies (all P . 0.10).

Glycogen synthase and phosphorylase activities and re-

gional glycogen synthesis rate. Both anterior and posterior myo-
cardial regions accumulated 3H activity in ethanol-insoluble
glycogen during the final hour of ischemia, indicating de novo
glycogen synthesis in each region during this period. As shown
in Fig. 2, however, synthesis rates were significantly higher in
both of the anterior regions and highest in the anterior en-
docardium.

Paralleling these differences in synthesis rates, the percent-
age of glycogen synthase present in its physiologically active

Table II. Regional Myocardial Blood Flow during LAD Stenosis

Anterior Posterior

Endocardial Epicardial Transmural Endocardial Epicardial Transmural

Basal 0.8360.11 1.0560.11 0.9260.10 0.8560.10 0.8460.09 0.8560.10

60-min ischemia 0.4460.05* 1.2060.14 0.8560.10 1.2160.13* 1.2560.14* 1.2260.13*

120-min ischemia 0.3660.05* 0.9360.08 0.6860.08* 0.9860.10 0.9260.06 0.9460.08

Regional myocardial blood flow, in ml/min/gram wet weight tissue, measured by radioactive microsphere injection basally, and after 1 or 2 h of LAD 

coronary stenosis. Values represent mean6SD for four dogs each. *P , 0.05 vs. basal value for the same region.

Figure 1. Values re-
corded basally and dur-
ing 3–4 h of regional 
low-flow ischemia (t 5 
0–240 min) for (a) mean 
arterial pressure in the 
aorta (open circles) and 
distal LAD (filled cir-

cles); (b) systolic trans-
mural thickening in the 
control LCX (open cir-

cles) and ischemic 
LAD (filled circles) re-
gions; (c) arterial (open 

circles) and LAD 
venous (filled circles) 
whole blood lactate 
concentrations. Mean 
arterial pressure and 
systolic thickening are 
expressed as a percent-
age of initial basal 
value. Data represent 
mean6SD for eight 
dogs at time points be-
tween t 5 230 and t 5 
180 min, and for three 
dogs at t 5 210 and t 5 
240 min. *P , 0.05 vs. 
LAD vein.



66 McNulty et al.

GS I form was higher in both endocardial (46610%, P , 0.01)
and epicardial (2469%, P , 0.05) layers of the anterior myo-
cardium after 3–4 h of ischemia than in the two posterior re-
gions, whose fractional GS I activity was typical of that usually
observed in fasted animals (1365 and 966%) (Fig. 3). Is-
chemia did not affect total glycogen synthase or glycogen
phosphorylase activities, nor the fraction of phosphorylase ac-
tivity in the GPa form.

Discussion

In this study, we infused d-[1-13C]glucose into intact canines at
a rate calculated to achieve 20–25% fractional 13C enrichment
in plasma glucose. Under these conditions, intracellular pools
of glucose metabolites reach steady state 13C enrichments
which are lower than plasma glucose, and whose absolute
value is determined by the relative contributions of plasma
glucose, versus other precursor molecules, to the pool. Thus,
the cytosolic pyruvate pool accumulates [3-13C]pyruvate in
proportion to the fraction of total glycolytic substrate supplied
by exogenous 13C-glucose, relative to other carbon sources
(e.g., 12C-glucose derived from glycogen). Similarly, the steady
state 13C enrichment of mitochondrial TCA cycle intermediate
compounds is determined by both the relative contribution of
plasma glucose to the pyruvate pool and the relative contribu-
tion of pyruvate (versus other acetate sources, e.g., fatty acids),
to their acetyl-CoA precursor pool. While cellular concentra-
tions of pyruvate and TCA cycle intermediate compounds are
generally too low for their 13C enrichments to be measured by
13C-NMR spectroscopy, pyruvate and a-ketoglutarate are in
equilibrium through transaminase reactions with the much
larger alanine and glutamate pools. Therefore, measurement
of [3-13C]alanine and [4-13C]glutamate enrichment permits
convenient examination of [3-13C]pyruvate and [4-13C]a-keto-
glutarate labeling patterns (19–21, 32, 33).

The results of this study demonstrate that under conditions
of sustained low-flow ischemia with regional hibernation, glu-
cose imported into the ischemic myocardium from the circula-
tion continues to transit both glycolysis and the TCA cycle to
label intracellular pools of alanine and glutamate. Exogenous
glucose moreover appears to be the preferred glycolytic sub-
strate in the ischemic myocardium, as indicated by its rela-
tively greater contribution to the cellular alanine pool in is-
chemic regions. However, there was no difference between
ischemic and nonischemic regions in the fraction of total TCA
cycle flux supported by glucose-derived pyruvate (i.e., the
[4-13C]glutamate/[3-13C]alanine enrichment ratio), suggesting
that under the conditions of our experiment glucose was not
preferred over FFA as an oxidative substrate in the ischemic
myocardium. Finally, despite evidence of ongoing ischemia
with anaerobic metabolism, imported glucose also continued
to enter the glycogen storage pool in the ischemic myocar-
dium. Glycogen synthesis in fact accelerated significantly dur-
ing ischemia, as a consequence of increased glycogen synthase
enzyme activity. Several points are worth making about these
observations and about the application of 13C-NMR methods
to this experimental model.

Application of 13C-NMR spectroscopy to large animal prep-

arations in vivo. Because NMR spectroscopy is relatively in-
sensitive to the 13C nucleus, examination of metabolic path-
ways in the heart requires that the fractional 13C enrichment of
intermediate compounds first be raised significantly above nat-
ural 13C abundance (z 1.1%). Accomplishing this requires ad-
ministration of an appreciable mass of 13C-labeled substrate, in
contrast to the situation with radioactively labeled substrates.
For in vivo studies, this may introduce the additional variable
of increasing the plasma concentration of the material being
administered. This requirement has heretofore limited the use
of 13C-NMR spectroscopy to isolated hearts perfused with de-
fined mixtures of 99% enriched 13C-labeled substrates. In this

Table III. 13C Enrichment of Plasma Glucose and Myocardial Alanine and Glutamate

Region [1-13C]glucose infusion time C-1 glucose (APE) C-3 alanine (APE) C-3 alanine/C-1 glucose ratio C-4 glutamate (APE) C-4 glutamate/C-3 alanine ratio

Anterior endocardium

2 h 23.562.8 8.862.9* 0.3760.11* 2.561.3* 0.2860.11

3 h 28.0 9.7 0.35 3.5 0.36

4 h 24.0 8.7 0.36 2.5 0.29

Anterior epicardium

2 h 23.562.8 6.862.3* 0.3060.10* 2.261.0* 0.3260.12

3 h 28.0 8.9 0.32 2.6 0.29

4 h 24.0 11.2 0.47 4.2 0.31

Posterior endocardium

2 h 23.562.8 3.361.5 0.1460.05 1.261.0 0.3660.15

3 h 28.0 5.2 0.18 1.3 0.25

4 h 24.0 6 0.25 1.5 0.26

Posterior epicardium

2 h 23.562.8 3.561.8 0.1560.09 0.961.1 0.2660.16

3 h 28.0 5.7 0.20 1.0 0.18

4 h 24.0 5.5 0.23 1.6 0.28

Fractional 13C enrichment (in APE) of the glucose C-1 carbon in plasma, and of alanine C-3 and glutamate C-4 carbons in myocardial tissue extracts, 

after 4 h of LAD coronary stenosis. Data are mean6SD for eight dogs infused with d-[1-13C]glucose for the final 2 h of ischemia, two dogs infused for 

the final 3 h, and one dog infused for 4 h. *P , 0.05 vs. values for posterior regions.
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study, by infusing d-[1-13C]glucose at 1.0 mg/kg/min we were
able to achieve . 20% 13C enrichment of plasma glucose in in-
tact canines without significantly changing plasma glucose con-
centration. The resulting 13C enrichments of the spectroscopi-
cally accessible intracellular alanine and glutamate pools,
while lower than plasma glucose, were nevertheless adequate
for analysis. For our purposes, this experimental model offered
significant advantages over the study of the isolated heart. It
reproduced in the acute setting the characteristic features of
chronic hibernation in patients, namely sustained ischemia
with contractile arrest but without myocardial necrosis. The
use of intact animals allowed myocardial substrate competition
to be evaluated under realistic conditions of physiologic work
load and whole blood perfusion in vivo. Also, the coronary
stenosis model permitted comparison of an ischemic region to
normally perfused control regions within the same heart in
each experiment.

Glucose metabolism in nonischemic regions of the canine

heart. In the 10 dogs studied after 2 or 3 h [1-13C]glucose infu-
sion, the ratio of [3-13C]alanine enrichment to simultaneous
plasma [1-13C]glucose in normally perfused posterior regions
of the left ventricle ranged from 0.14 to 0.20. The theoretical
maximum for this ratio, i.e., if the only source of intracellular
pyruvate were glycolytic splitting of exogenous glucose, is 0.50.
The observed ratio would be consistent with 28–40% of myo-
cardial pyruvate being derived from circulating glucose in the
canine heart in vivo, with the remainder contributed by other
sources (e.g., glycogen, amino acids). This generally agrees
with previous observations in the rabbit heart perfused in vitro
with 99% enriched 13C-pyruvate (19, 20).

As expected, [4-13C]glutamate fractional enrichment was
lower than that of [3-13C]alanine in all myocardial regions, re-
flecting dilution of pyruvate-derived 13C-acetyl CoA by 12C-acetyl
CoA derived from FFA, before its entry into the TCA cycle.
In samples from the nonischemic posterior left ventricle, the
ratio of [4-13C]glutamate/[3-13C]alanine enrichment averaged
0.26–0.36, indicating that glucose-derived pyruvate supports
26–36% of total TCA cycle flux in the canine heart under

physiologic conditions in vivo, with the remainder presumably
derived from FFA. Previous studies in isolated hearts perfused
in vitro with 13C-pyruvate or 13C-glucose have generally re-
ported higher values for this ratio (19, 20, 32). The difference
between the current results and previous studies presumably
reflects the absence of FFA as a competing substrate in most
in vitro experiments, where the heart is typically perfused with
crystalloid rather than plasma (9). Indeed, the [4-13C]glu-
tamate/[3-13C]alanine enrichment ratio of the isolated per-
fused heart has been shown to decrease when palmitate is
added to the perfusate (32).

Glucose metabolism in regions of low-flow myocardial is-

chemia. Compared with normally perfused posterior regions
of the left ventricle, anterior regions exhibited significantly
higher [3-13C]alanine and [4-13C]glutamate enrichments. In the
anterior endocardium for example, the [3-13C]alanine/[1-13C]
glucose enrichment ratio averaged 0.36, consistent with 72% of
the tissue pyruvate pool originating from circulating glucose.
Weiss (33) has observed a similar increase in [3-13C]alanine en-

Figure 2. Rates of incorporation of d-[3-3H]glucose from arterial 
blood into myocardial glycogen during the final hour of LAD steno-
sis. Values are mean6SD for four dogs. Synthesis rates in both ante-
rior regions were greater than in either posterior region of the left 
ventricle (*P , 0.05).

Figure 3. Regional myocardial values for (a) GS I (solid bars) and to-
tal glycogen synthase activity (hatched bars) and (b) GPa (solid bars) 
and total glycogen phosphorylase activity (hatched bars). Data repre-
sent mean6SD for 11 dogs. GS I activity was significantly (*P , 0.05) 
higher in both endocardial and epicardial regions of the ischemic an-
terior left ventricle compared with both posterior regions. GPa activ-
ity did not differ among the four regions.
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richment in the isolated rat heart perfused with [1-13C]glucose,
upon reducing the perfusion rate by 85%. While this finding
was interpreted as a primary effect of ischemia on the rate of
pyruvate flux through PDH, at least three alternative explana-
tions might be considered. First, low-flow ischemia might favor
glycolytic utilization of exogenous glucose (over glucose de-
rived from endogenous glycogen stores) by stimulating glucose
transport, hexokinase activity, or phosphofructokinase activ-
ity. A theoretical case can be made for each of these possibili-
ties: for example, reducing the cellular ATP/AMP ratio during
ischemia should lower the Km of phosphofructokinase for its
substrate fructose-6-phosphate, thus increasing the glycolytic
rate (34). Second, ischemia might reduce or eliminate the con-
tribution of lactate carbon to the pyruvate pool. Third, is-
chemia might reduce the contribution of glycogen to the cellu-
lar glucose-6-phosphate pool, either by inhibiting glycogenolysis
directly or by stimulating hexokinase-catalyzed phosphoryla-
tion of imported glucose. This third alternative would be con-
sistent with the recent observation of Janvier (35) that moder-
ate ischemia inhibits glycogen breakdown in the isolated rabbit
heart, while accelerating glycolytic utilization of exogenous
glucose. The current data do not allow these alternative possi-
bilities to be clearly distinguished. However, to the extent that
they may be interpreted as showing preferred glycolytic utili-
zation of exogenous glucose in the hibernating myocardium,
they may be important; both Janvier (35) and Runnman (36)
have observed that hearts using exogenous glucose as their pri-
mary glycolytic substrate appear better protected from the ef-
fects of ischemia in vitro than hearts using glucose liberated
from endogenous glycogen.

As shown in Table III, low-flow ischemia did not appear to
affect the steady state [4-13C]glutamate/[3-13C]alanine ratio of
the myocardium, indicating that there was no increased prefer-
ence for glucose as an oxidative fuel in acutely hibernating re-
gions of the canine heart.

Glycogen metabolism during low-flow myocardial ischemia.

Somewhat surprisingly, after 3–4 h of low-flow ischemia the
glycogen concentration of the anterior endocardium was only
minimally lower than those of posterior control regions. Al-
though cardiac glycogen is usually assumed to be quickly mo-
bilized during severe cellular anoxia, its persistence during
moderate ischemia is apparent (though not explained) in pre-
vious studies by others. For example, Schulz observed that
during 90 min of moderately severe (subendocardial blood
flow z 0.2 ml/gram/min) regional ischemia in swine, the glyco-
gen concentration of the ischemic region fell 30% during the
first 5 min, but did not fall further during the subsequent 85
min (5). In our study, glycogen persistence in ischemic regions
was associated with proportionate increases in both the activ-
ity of the physiologically active GS I form of glycogen synthase
and the rate of incorporation of circulating glucose into glyco-
gen in vivo during the final hour of low-flow ischemia. Re-
cently, we have observed similar regional activation of myo-
cardial glycogen synthase after transient coronary artery
occlusion with regional glycogen depletion in the rat (25).
However, in that setting glycogen synthase activation persisted
for only z 45 min, similar to the response to insulin adminis-
tration. In the current study GS I activity was higher in is-
chemic than in normally perfused regions of the canine left
ventricle 3–4 h into LAD stenosis, suggesting that low-flow is-
chemia may induce persistent regional myocardial glycogen
synthase activation. Although we measured glycogen concen-

tration and synthesis rate only during the latter stages of these
experiments, our observations would fit a scenario in which
glycogen consumption early during low-flow ischemia acti-
vates glycogen synthase, thus accelerating glycogen synthesis
and returning glycogen content toward normal levels. Longer
observation periods will be required to determine whether
persistent glycogen synthase activation can produce the super-
normal glycogen concentrations observed in noncontracting
segments of the human heart (15–17). In previous studies in
rats, ischemic glycogen synthase activation was attributed to
the effect of increased myocardial glucose-6-phosphate con-
centration on a glycogen synthase phosphatase (25). Glucose-
6-phosphate concentrations were measured in extracts of fro-
zen canine myocardium in the current study, but did not differ
among regions and were uniformly high (0.3–0.4 mmol/gram),
probably because these larger tissue samples could not be fro-
zen as quickly as the smaller rat heart.

Limitations. Our study design permitted tissue metabolite
pools to be examined only at the end of each experiment. This
design feature imposed both a technical and a biological limi-
tation. First, the time course of 13C equilibration between glu-
cose, alanine, and glutamate pools could not be assessed in in-
dividual hearts. Theoretically, slower rates of TCA cycle
activity in ischemic regions could prolong the time needed to
reach steady state [4-13C]glutamate/[3-13C]alanine enrichment
ratio, leading to underestimation of the ratio in those regions
(37). We chose a 2-h infusion time for d-[1-13C]glucose be-
cause hearts perfused in vitro with 13C-glucose are reported to
reach steady state 13C enrichment in tissue alanine and
glutamate pools within 30 min (33, 37). Extending the period
of [1-13C]glucose infusion to 3 or 4 h did not significantly in-
crease the [4-13C]glutamate/[3-13C]alanine enrichment ratio in
the ischemic region, suggesting that 2-h measurements were
indeed made at steady state.

A more general point is that our observations predomi-
nantly reflect the metabolic state of the myocardium toward
the end of each experiment. Experience with related experi-
mental models would in fact predict that conditions in the is-
chemic risk area distal to the LAD stenosis might change
substantially during prolonged low flow. Specifically, downreg-
ulation of energy use, and potentially other metabolic adjust-
ments associated with the establishment of the hibernating
state, may have significantly ameliorated the degree of cellular
ischemia within the LAD coronary region by the end of the
3–4-h low-flow period. Consequently, our observations may be
more pertinent to the condition of myocardial hibernation
than myocardial ischemia. In future studies, serial nondestruc-
tive NMR spectroscopic examinations of the ischemic region
in vivo should yield a better understanding of the metabolic
adaptation to prolonged reduction in coronary flow.

Summary. Regions of the canine heart perfused through a
stenotic coronary artery lose the ability to contract and dem-
onstrate adaptive changes in glucose metabolism, including in-
creased glycolytic utilization of exogenous glucose and in-
creased glucose storage. These changes are most prominent in
the ischemic endocardial layer of the heart but are expressed
transmurally, suggesting that transmural contractile arrest may
alter glucose metabolism even in epicardial layers where blood
flow is preserved. Glucose flux through PDH continues to sup-
port less than one-third of total oxidative metabolism however
even when myocardial blood flow is reduced by 60%. These
observations demonstrate the feasibility of using 13C-NMR to
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study substrate utilization in the hearts of intact large animals
and suggest that 13C-NMR spectroscopy may allow unique in-
sights into the metabolic adaptation to myocardial ischemia in
vivo.
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