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Abstract

Glucose is an important substrate for myocardial metabolism.
This study was designed to determine the effect of circulating
metabolic substrates on myocardial glucose extraction and to
determine the metabolic fate of glucose in normal human myo-
cardium. Coronary sinus and arterial catheters were placed in
23 healthy male volunteers. 16-"'CjGlucose was infused as a tracer
in 10 subjects. 16- 'CiGlucose and IU-_3Cilactate were simulta-
neously infused in the other 13 subjects. Simultaneous blood
samples were obtained for chemical analyses of glucose, lactate,
and free fatty acids and for the isotopic analyses of glucose and
lactate. Glucose oxidation was assessed by measuring myocardial
4CO2production. The amount of glucose extracted and oxidized

by the myocardium was inversely correlated with the arterial
level of free fatty acids (r = -0.71; P < 0.0001). 20% (range, 0-
63%) of the glucose extraction underwent immediate oxidation.
Chemical lactate analysis showed a net extraction of 26.0±16.4%.
However, isotopic analysis demonstrated that lactate was being
released by the myocardium. In the 13 subjects receiving the
dual-carbon-labeled isotopes, the lactate released was 0.09±0.04
,mol/ml and 49.5±29.5% of this lactate was from exogenous
glucose. This study demonstrates that the circulating level of
free fatty acids plays a major role in determining the amount of
glucose extracted and oxidized by the normal human myocar-
dium. Only 20.1±19.4% of the glucose extracted underwent ox-
idation, and 13.0±9.0% of the glucose extracted was metabolized
to lactate and released by the myocardium. Thus, 60-70% of the
glucose extracted by the normal myocardium is probably stored
as glycogen in the fasting, resting state.

Introduction

The myocardium is capable of using various substrates as its
energy source. Free fatty acids and glucose are two of the major
substrates for myocardial oxidative metabolism (1-4). During
ischemia and hypoxia, glycolysis is accelerated and glucose uti-
lization is enhanced (4-8). Glucose-insulin-potassium infusions
have been advocated for patients with acute myocardial infarc-
tions and chronic ischemic heart disease; however, the efficacy
of this treatment for limiting myocardial infarct size and left
ventricular dysfunction still remains to be determined (3, 9-17).

More recently, positron-emission tomography has been used
to investigate myocardial glucose extraction in normal and var-
ious disease states (18-21). The glucose analogue '8F-2-fluoro-
2-deoxyglucose used in this technique is extracted by the myo-
cardium but is not actively metabolized (18). Enhanced myo-
cardial uptake of '8F-2-fluoro-2-deoxyglucose is often equated
with reversibly ischemic myocardium (19, 20). To better utilize
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this technology, we need to know whether other factors, in ad-
dition to ischemia, are important determinants of myocardial
glucose uptake and metabolism. Many of the investigations of
myocardial substrate metabolism have been performed in iso-
lated heart preparations or anesthetized animals. Much valuable
information concerning various metabolic pathways has been
obtained from these experiments. However, in many studies,
the perfusion media contained only a single substrate, and in
others, the circulating substrate levels were often not in the
physiologic range for humans.

The purpose of this study was to determine the effect, if any,
of circulating metabolic substrates on myocardial glucose ex-
traction and to determine the metabolic fate of this important
substrate in normal human myocardium. Previous investigations
(12, 22) in humans have used the arterial-coronary sinus chem-
ical difference in determining the myocardial uptake of a sub-
strate, and the uptake of the substrate has often been equated
with substrate oxidation. In this study, D-[6-'4C]glucose was in-
fused as a tracer and the myocardial production of "'CO2 was
measured to quantitate the myocardial oxidation of circulating
exogenous glucose. To assess the conversion of glucose to lactate
by the myocardium, a stable isotope (L-[U-'3C]lactate) was in-
fused simultaneously with the glucose tracer in a subset of the
subjects.

Methods

Subject selection. Young healthy male volunteers were sought. The vol-
unteers underwent a complete history, physical examination, and lab-
oratory tests. The laboratory tests included an electrocardiogram, com-
plete blood count, liver and thyroid function tests, fasting, and 2-hour
postprandial glucose, blood urea nitrogen, urine, and creatinine analysis.
Each subject had to complete at least stage V of the standard Bruce
protocol (23) and reach 95% of his maximal predicted heart rate (24) on
a treadmill exercise test. In addition, the subject could not be <5% or
> 15% of his predicted weight. Subjects with a history of chronic drug
use, smoking, or a family history of diabetes were excluded. If there was
no evidence of cardiac or any major systemic illness and all the laboratory
tests were within normal limits, the volunteer was accepted as a subject.
The examination and exercise test were performed at least 1 wk before
the metabolic study.

The protocol was approved by the Committees on HumanResearch
of the University of California and the Veterans Administration Medical
Center at San Francisco, CA. The use of radioisotopes was approved by
the Radiation Safety Committee of the Veterans Administration Medical
Center. Each subject was informed of the nature, purpose, and possible
risks involved in the study before written consent was obtained.

Protocol. All subjects fasted for 10-15 h before the procedure. No
premedication was given. A local anesthetic (2% lidocaine) was used to
perform a venous cutdown; a 7F Wilson Webster thermodilution-flow
coronary sinus catheter was inserted into an anteromedial antecubital
vein and positioned under fluoroscopy in the mid-to-anterior region of
the coronary sinus (25). The position was checked by pressure and ox-
imetry measurements; no contrast agent was injected (26). The stability
of the catheter position through the entire protocol was verified by com-
parison of videodisc images recorded at the beginning and at the end of
the procedure. For arterial blood samples, a short polyethylene catheter
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was inserted into the brachial artery by the Seldinger technique. The
patency of the catheters was maintained by intermittent flushing with
0.9% normal saline (no heparin was used for this purpose).

D-[6-'4C]Glucose was obtained from NewEngland Nuclear, Boston,
MA(sp act, 56.1 mCi/Mmol). It was sterilized by ultrafiltration (0.22-
um bacteriologic filter [Millipore Corp., Bedford, MA]) and diluted in
0.9% NaCl. After a priming bolus of 16 ,Ci, D-[6-'4C]glucose was infused
intravenously at a constant rate of 10 MCi/h.

L-[U-'3C]Lactate (99% isotopic purity) was obtained from Los Alamos
Scientific Laboratory, Los Alamos, NMas L-[U-'3C]zinc lactate. This
was converted to L-[U-13C]lactic acid by dissolving the zinc lactate in
distilled water and passing the solution through a cation exchange column
(27). The resulting solution of [U-'3C]lactic acid was neutralized with
1.0 MNaOHand sterilized as above. To ensure that the preparation
was pyrogen-free, the Limulus lysate test was performed (28). To achieve
a steady arterial level of [U-'3C]lactate of 1.5-2.0% of the circulating
chemical lactate, a priming dose of 55 mgof [U-'3C]lactate infused in-
travenously over 2 min was required. This was followed immediately by
an intravenous infusion of the stable isotope at a constant rate of 65
mg/h. D-[6-'4C]glucose was infused simultaneously (as described above)
in the subset of subjects receiving the dual-carbon-labeled isotopes.

Fig. I shows the equilibration of the arterial and coronary sinus specific
activity of glucose in an individual subject. A priming dose of 16 MCi of
[6-'4C]glucose was given at time 0, and a constant intravenous infusion
at a rate of 10 MCi/h was started at that time. Using this infusion technique,
the arterial and coronary sinus specific activities of glucose reached a
plateau after 30 min. The myocardial production (coronary sinus-arterial)
of "4CO2 is also shown in Fig. I for the same individual subject. The
'4CO2 equilibrates with the myocardial CO2pool within 25-30 min. We
have previously shown (27, 29) that 20 min is required to achieve equil-
ibration for the specific activity and myocardial CO2pool when lactate
is labeled with a tracer. Thus, to ensure equilibration of the isotopes, all
samples were obtained at least 30 min after the initiation of the [6-
'4C]glucose or dual-isotope infusion. Arterial and coronary sinus blood
samples were drawn simultaneously. At least two sets of blood samples
were obtained 8-10 min apart in all subjects. All samples were obtained
with the subjects in the resting state. In order to elevate the circulating
level of free fatty acids, heparin (10,000 U) was administered to five
subjects.

The samples were analyzed for chemical concentration of glucose,
lactate, and free fatty acids and the specific activity of glucose and lactate.
In the subset of subjects receiving L-[U-'3C]lactate, the samples were also
analyzed for ['3C]lactate.
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Figure 1. The arterial and coronary sinus specific activities of glucose
are shown over time in a subject (top graph). At time 0, the priming
dose of 16 MACi D-[6-'4Cjglucose was given and an intravenous con-
stant infusion was started at a rate of 10 MCi/h. The coronary sinus-
arterial '4CO2 difference is shown vs. time in the same subject (bottom
graph). A, arterial; CS, coronary sinus; o, specific activity of arterial
glucose; A, coronary sinus glucose.

Chemical analysis. Blood samples for lactate, glucose, specific activ-
ities, and ['3C]lactate analysis were mixed immediately with a measured
volume of cold 7% perchloric acid and centrifuged; the protein-free su-
pernatant was removed and stored at -40C for future analyses.

The lactate concentration was determined on the protein-free fluid
by an enzymatic spectrophotometric method (30). For this method, the
coefficient of variation of 50 analyses of one blood sample in our labo-
ratory was 1.6%. Glucose was measured on the protein-free fluid by
a hexokinase/glucose-6-phosphate dehydrogenase-coupled enzymatic
method, with a coefficient of variation of 1.5% (31).

Blood for free fatty acids was placed in iced, heparinized glass tubes
within 30 s of sampling, centrifuged at 40C, and then separated. Free
fatty acid levels were determined immediately on the plasma by the
modification by Trout et al. (32) of the Dole procedure (33). The coef-
ficient of variation for this determination was 3.5%.

Glucose, lactate, and pyruvate were separated by ion exchange chro-
matography as previously described (29). The protein-free fluid was neu-
tralized and passed successively through cation and anion exchange col-
umns to remove labeled ionic compounds. Portions of the eluates con-
taining glucose in H20 and lactate in 0.25 Msodium acetate were assayed
by the described enzymatic methods. Other portions were mixed with
Aquasol (New England Nuclear, Boston, MA) and 14C was measured in
a scintillation counter. The results of scintillation counting are expressed
as disintegrations per minute (dpm) and the specific activity is calculated
as dpm per micromol. The coefficient of variation for specific activity
of lactate was 2.5% in our laboratory (six analyses of one sample).

The '4CO2 was collected directly from blood by a diffusion method
as previously published (29). The coefficient of variation for this method
was 2.9%.

[U-'3C]Lactate content was determined using gas chromatography/
mass spectrometry (27). The protein-free fluid was neutralized with po-
tassium carbonate and passed successively through a cation exchange
column, H' form (AG50W-X8; Bio-Rad Laboratories, Richmond, CA),
and an anion exchange column, Cl- form (AG I-X8; Bio-Rad Labora-
tories). The effluent was lyophilized and the lactic acid was converted to
the methyl ester using BC13/methanol. The excess BCI3/methanol was
carefully evaporated to dryness with a stream of N2 to avoid loss of the
methyl ester. The dry residue was then extracted with a small quantity
of methylene chloride. With the addition of bis(trimethylsilyl)-trifluo-
roacetamide (BSTFA) (Supelco, Inc., Bellefonte, PA), the methyl ester
was converted to the trimethylsilyl ether. The concentration of triply
labeled trimethylsilyl ether of ['3C]methyl lactate was determined using
a gas chromatograph (model 2400; Infratonics, Dohrmann Envirotech,
Mountain View, CA) interfaced to a mass spectrometer (MS-12; Kratos
Analytical Instruments, Ramsey, NJ). The gas chromatograph used a
4-m X 2-mm glass U-tube column packed with 10% SP-2250 on 100/
120 Supelcoport (Supelco, Inc.) at 125°C isothermal and a helium flow
rate of 25 ml/min. The mass spectrometric operating conditions were
as follows: ion source temperature, 180°C; nominal base accelerating
voltage, 8 kV; trap current, 500 MA; electron energy, 50 eV; resolving
power, 1,200. For the determination of percent of [U-'3C]lactate, the
ion currents were recorded at m/e 161 and at m/e 164.

Standards containing 0.0, 0.5, 0.75, 1.0, 1.5, and 2.0% [U-13C]lactic
acid were prepared by dilution with unlabeled lactic acid. The standards
were treated in the same fashion as column effluents described above.
A standard curve was obtained on the gas chromatograph/mass spec-
trometer for each set of assays. 12 analyses of a pooled blood sample
containing 1.44% [U-13C]lactate gave a coefficient of variation of 3.7%
for this method.

All isotopic and chemical analyses were performed in duplicate.
Calculations. Glucose was labeled in the C-6 position. This carbon

is released as '4CO2 in the citric acid cycle (34). By measuring the coronary
sinus (CS)-arterial (A) 14C02 difference, the amount of glucose being
oxidized (in micromoles per milliliter) was calculated as

(CS - A)'4C02 dpm/ml
arterial specific activity of glucose-

The chemical extraction ratio (percent) for a given substrate was
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calculated from the arterial and coronary sinus substrate chemical con-
centration as

[A] - [CS] X 100
[A]

where [A] is the arterial concentration and [CS] is the coronary sinus
concentration.

The isotope or [U-'3C]lactate extraction ratio (percent) was calculated
from the concentration of [U-'3C]lactate in the artery and coronary sinus
as

[A] X % '3C3 in artery - [CS] X % '3C3 in coronary sinus X 100
[A] X % '3C3 in artery

where

%3C3 = ['3C3]lactate X 100
chemical lactate

(percent '3C3 is obtained directly from gas chromatography/mass spec-
trometry).

Myocardial lactate uptake (micromoles per milliliter) was determined
by the isotope technique as

[A] x [U-_3C]lactate extraction ratio
100

The amount of lactate (micromoles per milliliter) released or produced
by the myocardium was calculated as

[U-'3C]lactate uptake - ([A] - [CS]).

The contribution of exogenous glucose to the lactate released or pro-
duced was calculated from the observed and theoretical disintegrations
per minute (dpm) of lactate per milliliter of blood in the coronary sinus
and the specific activity of arterial glucose as

(observed - theoretical) dpm lactate/ml in coronary sinus X 2
specific activity of arterial glucose

Note the factor of 2 was used because one molecule of glucose yields
two molecules of lactate.

The actual or observed dpm of lactate per milliliter of blood in the
coronary sinus was calculated as

[CS] X specific activity of coronary sinus lactate.

The theoretical dpm due to lactate per milliliter of blood was deter-
mined as

([A] - [U-'3C]lactate uptake in gmol/ml)
X specific activity of arterial lactate.

Statistical analysis. Simple and multiple linear regression analyses
were performed for the various metabolic parameters and the standard
errors of the estimate were calculated. The data are presented as mean± 1
SD. To compare the arterial substrate levels and myocardial substrate
extraction and oxidation at each of the two or three sampling points in
the subjects, two-way analysis of variance and the Newman-Keuls test
were used (35). The two-tailed unpaired t test was used to determine
whether there was a difference in glucose oxidation between the various
arterial levels of free fatty acids.

Results

The study group consisted of 23 healthy male subjects, 24.6±4.8
yr of age (mean±SD). The arterial levels of glucose, lactate, and
free fatty acids and the respective myocardial chemical extraction
ratios are given in Table I. After 30 min of isotope infusion, the
specific activity of arterial glucose in these subjects was 379±84
dpm/flmol. When [6-'4C]glucose is infused, secondary labeling

Table I. Arterial Substrates and
Myocardial Chemical Substrate Uptake

Arterial Arterial-coronary sinus Chemical
substrate levels differences extraction ratios

AmoI/ml MUmol/ml %

Glucose 5.22±0.37 0.23±0.16 4.2±3.0
Lactate 0.66±0.17 0.18±0.14 26.0±16.4
Free fatty acids 0.67±0.26 0.20±0.07 32.0±7.3

Data are presented as mean± 1 SD.

of other substrates occurs. The specific activity of arterial lactate
at the time of the metabolic sampling was 56±15 dpm/,mol.

Glucose uptake vs. oxidation. In this study, the glucose was
labeled with 14C in the sixth position. This carbon is removed
in the citric acid cycle (34). Thus, by measuring the myocardial
production of 14C02, the amount of glucose undergoing oxi-
dation by the myocardium can be determined. Fig. 2 compares
the amount of glucose extracted with the amount of glucose
undergoing oxidation in the myocardium. The dashed line rep-
resents the line of identity, i.e., data points would fall on this
line if 100% of the glucose extracted were oxidized. In these
fasting, resting normal subjects, 20.1±19.4% of the glucose ex-
tracted undergoes immediate oxidation by the myocardium.

When '4C02 is used to assess glucose oxidation, the contri-
bution of 14C from oxidation of other metabolic substrates labeled
secondarily must be taken into account. Since lactate is an im-
portant myocardial substrate and we have previously demon-
strated that 85-90% of the lactate extracted undergoes immediate
oxidation (29), we corrected the 14C02 data for the possible
complete oxidation of lactate in this report. Glucose and lactate
were separated from other substrates using ion exchange chro-
matography. Having determined the arterial specific activity of
lactate and the myocardial extraction ratio, we calculated the
total amount of 14C02 that could be derived from lactate oxi-
dation. The coronary sinus-arterial 14C02 difference was then
corrected for lactate oxidation before myocardial glucose oxi-
dation was calculated. Without this "CO2 correction, the percent
of glucose extracted being oxidized would be 30.4±23.3% com-
pared with the corrected value of 20.1 ± 19.4%.
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Figure 2. The amount of glucose undergoing immediate oxidation in
the myocardium is plotted against the amount of glucose extracted by
the myocardium at each sampling point (n = 51) in the 23 subjects.
The dashed line represents the line of identity, i.e., data points would
fall on this line if 100% of the glucose extracted by the myocardium
underwent oxidation. A, arterial; CS, coronary sinus.

Myocardial Glucose Metabolism 1821

I

I

I

I

I

I
I

I

I



_ 0.7
E
' 0.6
0

1 0.5

toKU 0.40
0
( 0.2

U 0.

.4

4*6

,* .6
*6 ** *.&

*:*..* 'o:**
0.0 0.4 0.8 1.2 1.6

ARTERIAL FFA ( &mol/ml )

Figure 3. Correlation between the arterial level of free fatty acids
(FFA) and myocardial glucose uptake (arterial-coronary sinus differ-
ence) of glucose in the 23 normal healthy male subjects. Linear regres-
sion analysis gives r = -0.71 (P < 0.0001) with an n of 49,
Y = -0.41X + 0.49; SE of the estimate Yon X = 0.14 Mmol/ml. A,
arterial; CS, coronary sinus; FFA, free fatty acids.

Circulating free fatty acids and glucose uptake. The rela-
tionship between the arterial level of free fatty acids and the
myocardial uptake of glucose is shown in Fig. 3. The mean ar-
terial level of free fatty acids in these fasting subjects was 0.67
,gmol/ml, with a range from 0.31 to 1.55 gmol/ml. There is a
highly significant inverse correlation between the arterial level
of free fatty acids and myocardial glucose uptake (r = -0.71;
P < 0.0001).

As the circulating levels of free fatty acids increase, the
amount of glucose being oxidized by the myocardium decreases.
Table II compares myocardial glucose uptake, glucose oxidation,
and the percent of glucose extracted being oxidized with various
arterial levels of free fatty acids. There is a significant decrease
in the portion of glucose extracted that undergoes immediate
oxidation when the arterial level of free fatty acid rises above
0.50 gmol/ml (37.9± 14.4 vs. 11.8±15.6%, respectively; P
< 0.0001). Similarly, as the circulating free fatty acid becomes
even greater, i.e., > 1.00 Mtmol/ml, there is a further fall in the
percentage of glucose oxidized (24.9±19.3 compared with
1.8±4.9%, respectively; P < 0.005). This significant change in
the percent of extracted glucose being oxidized indicates that

Table II. Comparison ofMyocardial Glucose Uptake
and Oxidation at Various Free Fatty Acid Levels

Percent of glucose
Arterial free Myocardial Myocardial extracted being
fatty acids glucose uptake glucose oxidized oxidized

Mmol/mI Amo//mI ;moI/ml %

.0.5 0.38±0.13 0.14±0.07 37.9±14.4*
0.51-0.75 0.16±0.15 0.06±0.07 18.6±20.9
0.76-0.99 0.10±0.04 0.01±0.02 11.8±11.9
.1.00 0.06±0.07 0.00±0.01 1.8±4.9t

* P < 0.0001 for percent values with free fatty acid levels below or
equal to 0.50 ;&mol/ml compared with percent values when free fatty
acid levels are >0.50 umol/ml.
t P < 0.005 for percent values with free fatty acid levels below 1.00
5Lmol/ml compared with percent values when free fatty acids are
> 1.00 ;Lmol/ml.

the circulating level of free fatty acids is also inversely correlated
with myocardial glucose oxidation.

Arterial glucose and glucose extraction. The subjects fasted
for 10-15 h before the metabolic sampling. The mean arterial
glucose level was 5.22 ,mol/ml, with a range from 4.40 to 6.22
,gmol/ml. Over this narrow range of circulating glucose, there
was a positive correlation between the arterial level of glucose
and the myocardial extraction of this substrate, as shown in Fig.
4 (r = 0.54; P < 0.001). In the 23 subjects, there was an inverse
correlation between the arterial level of free fatty acids and ar-
terial glucose, with r = -0.46 (P < 0.05); Y = -0.66X + 5.66;
SE of the estimate Y on X = 0.34 imol/ml.

Multiple linear regression analysis. Multiple linear regression
analysis was performed to evaluate the influence of arterial free
fatty acids and arterial glucose as important variables in myo-
cardial glucose uptake. In the 23 subjects, the t value was 4.967
for the free fatty acids (P < 0.0001) and 1.627 for glucose
(P = 0. 1 1). Thus, in the fasting, resting state, the circulating level
of free fatty acids is more important than the glucose level in
determining myocardial glucose extraction.

Circulating exogenous glucose to lactate. When ['4C]glucose
is infused, lactate is labeled secondarily. In all subjects receiving
[14C]glucose, the specific activity of the coronary sinus lactate
was different from that in the artery. This finding indicates that
lactate is being released by the myocardium.

To quantitate the amount of lactate released and the con-
tribution of circulating exogenous glucose to lactate, dual-car-
bon-labeled isotope studies using D-[6-'4C]glucose and L-[U-
"3C]lactate were performed in 13 of the 23 subjects. Traditional
chemical lactate analysis showed net extraction in all 13 subjects
with an arterial-coronary sinus difference of 0.18±0.13 gmol/
ml and a myocardial chemical extraction ratio of 26.8±14.9%.
The isotope extraction ratio determined by the [U-13C]lactate
was significantly greater, 41.4±17.7% (P < 0.0001; isotope ex-
traction ratios vs. chemical ratios). The isotope extraction ratio
was greater than the chemical ratio because unlabeled lactate
was being released by the myocardium, thereby elevating the
chemical concentration in the venous effluent of the heart (cor-
onary sinus). The calculated amount of lactate released by the
myocardium in these 13 subjects was 0.09±0.04 ,umol/ml. Mea-
suring the specific activity of arterial glucose and the dpmof the
secondarily labeled lactate in the artery and coronary sinus, the
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Figure 4. The myocardial glucose extraction (arterial-coronary sinus
difference) is plotted against the arterial level of glucose in all data
points in the 23 fasting subjects. Linear regression analysis gives
r = 0.54 (P < 0.001) with an n of 52, Y = 0.23X - 1.00; SE of the
estimate Y on X = 0.14 Amol/ml. A, arterial; CS, coronary sinus.
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amount of exogenous glucose being converted to lactate and
released can be calculated. The myocardial glucose uptake, glu-
cose oxidation, and the amount of exogenous glucose converted
to lactate in the 13 subjects receiving dual-carbon-labeled iso-
topes are given in Table III. Of the 0.21±0.15 ,umol/ml exogenous
glucose extracted by the myocardium, 27.9±21.8% undergoes
oxidation immediately, while 13.0±9.0% is converted to lactate
and released.

There was no significant correlation between the arterial-
coronary sinus difference of glucose and the amount of lactate
released in these 13 subjects (r = 0.38; P< 0.20). However, there
was a positive correlation between the glucose extracted and the
amount of glucose proceeding through glycolysis and being re-
leased as lactate (r = 0.62; P < 0.025) (Table III).

Arterial levels offree fatty acids and lactate uptake. Wehave
previously shown using L-[l-'4C]lactate in humans that the
amount of lactate undergoing oxidative decarboxylation is closely
correlated with the isotopic lactate uptake (29) and that the
myocardial lactate uptake determined by the [I-'4C]lactate tracer
is identical to the [U-'3C]lactate uptake (27). In the 13 subjects
receiving dual-carbon-labeled isotopes, an inverse correlation
was found between the circulating level of free fatty acids and
the myocardial lactate uptake determined by the stable isotope
(r = -0.73; P < 0.005). Thus, it appears that the circulating
level of free fatty acids not only has an effect on myocardial
glucose extraction and oxidation, but also has a significant neg-
ative effect on myocardial lactate uptake. There was no corre-
lation between the amount of lactate released by the myocardium
and the arterial free fatty acid level (r = -0.15; P > 0.5).

Discussion

Interest in myocardial substrate utilization began in 1907 when
Locke and Rosenheim (36) first reported glucose uptake in the
Langendorff heart preparation. In 1914, Evans (37) suggested
that carbohydrates supplied one-third of the energy for the myo-
cardium. Since these early studies, many investigators have
measured glucose uptake in isolated heart and anesthetized an-

imal preparations. With the advent of the coronary sinus catheter
in 1947, Bing et al. (38, 39) began to study myocardial substrate
extraction in humans. Substrate utilization was assessed by
measuring the arterial-coronary sinus difference. If a substrate
was extracted, it was often assumed that 100% was oxidized to
meet the energy requirements of the myocardium during a par-
ticular physiologic state or after a pharmacologic intervention
( 12, 22). In 1961, Shipp and colleagues (40) were the first to use
radioisotopes to investigate the metabolic fate of various sub-
strates in isolated heart preparations.

Using D-[6-'4C]glucose, we measured myocardial glucose
uptake and glucose oxidation, and in a subset of subjects, the
conversion of glucose to lactate was also determined by using a
dual-carbon-labeled isotope technique. This is the first study to
quantitate myocardial glucose oxidation in human subjects. By
using carbon-labeled glucose in the sixth position and measuring
the myocardial production of '4CO2, we found that only 20%
(range, 0-63%) of the glucose extracted by the myocardium un-
derwent immediate oxidation in the citric acid cycle in these
fasting, resting subjects. Thus, the uptake of exogenous glucose
by the human myocardium cannot be equated with oxidation.

Isolated heart experiments (40-45) have shown that the ad-
dition of free fatty acids to the perfusion media inhibits myo-
cardial glucose utilization. Several of these studies can be criti-
cized for using low glucose concentrations and high, nonphys-
iologic free fatty acid/albumin ratios. However, our findings
support the concept that free fatty acids play a major role in
myocardial glucose uptake. There is a highly significant inverse
correlation between the arterial level of free fatty acids and myo-
cardial glucose uptake determined by the arterial-coronary sinus
difference (Fig. 3). Lassers and colleagues (46, 47) lowered the
arterial level of free fatty acids with nicotinic acid in healthy
subjects and demonstrated a negative correlation between arterial
free fatty acids and myocardial glucose extraction. Since Lassers
and colleagues did not use a glucose isotope, they were not able
to assess glucose oxidation.

In this study, an inverse correlation was found between the
arterial level of free fatty acids and arterial glucose (r = -0.46;

Table III. Comparison of Myocardial Glucose Uptake, Glucose Oxidation, and Glucose
Being Converted to Lactate in Subjects Receiving Dual-Carbon-Labeled Isotopes

Glucose uptake Glucose converted Total lactate Arterial
Subject (A-CS) Glucose oxidized to lactate released free fatty acids

AMind/mi Mmol/mI AmoI/mi smoI/mI 'msol/iml

1 0.07 0.00 0.00 0.03 0.80
2 0.11 0.02 0.04 0.15 0.79
3 0.04 0.00 0.01 0.06 0.65
4 0.36 0.22 0.04 0.13 0.50
5 0.05 0.00 0.00 0.06 0.97
6 0.17 0.04 0.02 0.09 0.86
7 0.32 0.14 0.06 0.12 0.74
8 0.26 0.11 0.04 0.13 0.59
9 0.04 0.00 0.00 0.04 0.62

10 0.48 0.30 0.02 0.06 0.35
11 0.18 0.06 0.03 0.10 0.48
12 0.27 0.11 0.04 0.12 0.46
13 0.40 0.10 0.03 0.09 0.38
Mean±SD 0.21±0.15 0.08±0.09 0.03±0.02 0.09±0.04 0.63±0.19

Myocardial Glucose Metabolism 1823



P < 0.05). If the data points following heparin administration
are eliminated, there was still a wide range of circulating free
fatty acids (0.31-1.12 Aumol/ml) and arterial glucose (4.44-6.22
,umol/ml) in these subjects. Although all subjects fasted 10-15
h, there was no attempt to control their diets before the study.
Dietary habits probably have an effect on the variability of the
fasting substrate levels. The interrelationship of circulating met-
abolic substrates in vivo is very complex, and it is well recognized
that a number of factors such as insulin, growth hormone, glu-
cocorticoid levels, and the adrenergic state of the individual have
a very important role in determining the arterial substrate levels
(44, 48). These factors were not measured in the present study.
Wahlqvist and colleagues (49) have investigated the effects of
these hormones on the myocardial glucose chemical extraction
ratio. In their study, multiple regression analysis showed that
there was a significant positive relationship between the insulin
level and myocardial glucose extraction. The glucocorticoid levels
had a significant inverse correlation with myocardial uptake of
glucose and there was no correlation between growth hormone
levels and the myocardial extraction of this substrate. Their study
also showed a highly significant inverse relationship between
myocardial free fatty acid extraction and glucose uptake.

In addition to the inverse correlation between free fatty acids
and glucose uptake or transport into the cell, we also demon-
strated in this study a pegative correlation between the arterial
level of free fatty acids and myocardial glucose oxidation. Al-
though the average value for oxidation was 20% of glucose ex-
tracted, there was a wide range of values from 0 to 63%. When
the level of free fatty acids was low (.0.5 gmol/ml), not only
was the myocardial glucose uptake higher, but the portion or
percent of the extracted glucose undergoing immediate oxidation
was also significantly higher compared with the percent oxidized
when the free fatty acid values were >0.5 ,gmol/ml (P < 0.0001).
Similarly, if the arterial free fatty acid level was .1.00 4mol/
ml, the percent of extracted glucose being oxidized was signifi-
cantly lower (P < 0,005) (Table II). Therefore, our results dem-
onstrate that the circulating level of free fatty acids plays a major
role not only in determining myocardial glucose extraction but
also glucose oxidation.

In very elegant isolated heart experiments, Randle and as-
sociates (44, 50-52) have shown that free fatty acids affect glucose
uptake and oxidation at several enzymatic steps in the glycolytic
pathway. The supply of ATP in the cell regulates the various
metabolic pathways. If the cell is utilizing free fatty acids, the
ATP level is high and the level of acetyl-coenzyme A increases.
With high levels of acetyl-coenzyme A, the enzyme pyruvate
dehydrogenase is inhibited. This enzyme is involved in the ox-
idative decarboxylation of pyruvate; thus, inhibition of pyruvate
dehydrogenase blocks the entry of glucose into the citric acid
cycle. Also, when the myocardium is actively utilizing free fatty
acids, there is a build-up of citrate. Citrate inhibits the enzyme
phosphofructokinase in the glycolytic pathway. Whenthis latter
enzyme is inhibited, glucose-6-phosphate accumulates in the cell.
As this occurs, the enzyme hexokinase is inhibited, thus blocking
further phosphorylation of glucose. Increased levels of free fatty
acids also block glucose transport into the cell.

These experiments by Randle and associates (50-52) were
performed in an isolated rat heart preparation with a low ven-
tricular workload. Opie and colleagues (53) have shown that
glucose utilization increases in the isolated rat heart when the
workload is increased. In our study, myocardial glucose uptake
and glucose oxidation were measured in vivo in human subjects

and our findings support the suggestion that elevating free fatty
acids has an inhibitory effect on myocardial glucose uptake (glu-
cose transport) and glucose oxidation in the fasting, resting state.
No intervention was performed in this study to increase myo-
cardial work.

There are several metabolic pathways for glucose following
extraction by the myocardium: oxidation through the citric acid
cycle, storage as glycogen, utilization by the hexose monophos-
phate shunt pathway, and conversion to lactate through the gly-
colytic pathway (45, 54). Using [6-'4C]glucose and measuring
the myocardial production of 4CO2 enabled us to quantitate
the amount of exogenous glucose that underwent immediate
oxidation since the carbon in the sixth position is released during
oxidation in the citric acid cycle. The dual-carbon-labeled iso-
tope experiments with [6-14C]glucose and [U-'3Cjlactate allowed
quantitation of the amount of lactate being released or produced
by the myocardium and the contribution of exogenous glucose
to the lactate released. In the subjects receiving dual-carbon-
labeled isotopes, 27.9±21.8% of the extracted glucose underwent
immediate oxidation, while 13.0±9.0% was converted to lactate
and released by the myocardium. Thus, 60% of the extracted
glucose was not accounted for and was probably stored as gly-
cogen. In the adult, noninfarcted myocardium, very little (10%)
of the extracted glucose is thought to be utilized by the pentose
shunt (54-56). However, since the carbon in the first position
is released as CO2in the pentose pathway, the amount of glucose
being shunted through this pathway could not be assessed in
our experiments with [6-'4C]glucose.

In 1907, Fletcher and Hopkins (57) demonstrated that hyp-
oxia of skeletal muscle was associated with lactate production
and that with improved oxygenation there was a decrease in the
amount of lactate produced. Other investigators (36) found a
similar relationship in isolated heart preparations; under con-
ditions of normoxia and adequate perfusion, there was no lactate
production in these preparations. Thus, myocardial lactate re-
lease or production is often equated with hypoxia or ischemia.
However, since these early experiments, several investigators (6,
8, 40-42, 45, 53, 58) have quantitated lactate production in
isolated heart and myocardial cell preparations and the impor-
tance of the glycolytic pathway under normoxic conditions has
been raised. The high energy phosphates derived from glycolysis
may be preferentially used for the sarcoplasmic reticulum and
promote myocardial relaxation (59-61). Another function of
the glycolytic pathway might be to provide a rapid source of
energy for sudden increases in cardiac work (53, 62).

In addition to being an end-product of the glycolytic pathway,
lactate is also an important metabolic substrate for the myocar-
dium. Thus, there can be simultaneous uptake and release of
lactate by the heart muscle. In the isolated heart and myocardial
cell preparations, lactate is usually not present as a substrate in
the perfusion media; therefore, the measurement of myocardial
lactate production is simplified. Few in vivo studies (4, 63) have
attempted to quantitate simultaneous myocardial lactate pro-
duction and lactate extraction. Using a tracer method, we re-
ported previously (29) that there is a simultaneous uptake and
release of lactate by the myocardium in patients with significant
coronary artery stenoses. Using a similar technique, Leunissen
and Piatnek-Leunissen (64) demonstrated simultaneous myo-
cardial lactate release and uptake in anesthetized open-chest dog
preparations. In this study, we have quantitated myocardial lac-
tate release in vivo in young, healthy human subjects.

Myocardial biopsy studies in animals have shown differences
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in enzymes and substrate storage in the epicardial and endo-
cardial regions (65-67). The subendocardium contains more
glycogen, has increased levels of certain glycolytic enzymes, and
has increased phosphorylase activity. These findings suggest that
the glycolytic pathway with the use of carbohydrates as a myo-
cardial energy source may be greater in the subendocardial layers.
In the in vivo working human heart during peak systolic pressure,
there may be hypoperfusion of the subendocardial layers, which
results in this transmural gradient in myocardial substrate uti-
lization. The source of the myocardial lactate release that we
demonstrated in our study might be the subendocardial region.

The autoregulatory mechanisms that control myocardial
blood flow have been investigated in animal experiments (68,
69). Autoregulation is considered to be mediated by several met-
abolic and neurogenic factors; the contribution of each of these
factors in the normal human myocardium is uncertain (70).
Recently, several investigators (71, 72) have demonstrated that
alpha-adrenergic tone has a significant effect in the normal hu-
man myocardium and that alpha-adrenergic blockade signifi-
cantly increases blood flow. Blood flow is maintained through
autoregulation to achieve a certain level of oxygenation in the
tissue bed; however, the flow to various regions or areas of the
myocardium may be changing continuously. Thus, areas of the
intact myocardium may be underperfused very transiently. Using
microspheres in anesthetized open-chest dog preparations, Fal-
setti and his colleagues (73) demonstrated a 31% change in flow
over time. Small areas of the transiently underperfused myo-
cardium may account for the lactate release observed in this
study.

In summary, we have demonstrated that the circulating level
of free fatty acids is a major determinant of both myocardial
glucose uptake and oxidation in humans. At high levels of free
fatty acids (- 1.0 Atmol/ml), there is inhibition of glucose ex-
traction and oxidation. In the fasting, resting state, only a small
fraction (20%) of the glucose extracted undergoes oxidation. Even
at low free fatty acids, i.e., <0.5 jsmol/ml, only 40% of the glucose
extraction underwent immediate oxidation. Wehave found that
in the normal human myocardium, there is myocardial lactate
release despite global net extraction. 10-20% of the glucose ex-
tracted was converted to lactate and released in the venous ef-
fluent in these normal subjects. The remainder (60-70%) of the
glucose extracted is probably stored as glycogen. The importance
of glucose as a myocardial substrate and its metabolic fate needs
to be assessed further in humans under various physiologic and
pathologic conditions.
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