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Abstract

The purpose of this study was to investigate myocardial sub-
strate utilization during moderate intensity exercise in humans.
Coronary sinus and arterial catheters were inserted in nine
healthy trained male subjects (mean age, 25±6 (SD) years).
Dual carbon-labeled isotopes were infused, and substrate oxi-
dation was quantitated by measuring myocardial production of
"CO2. Supine cycle ergometer exercise was performed at 40%
of the subject's maximal 02 uptake.

With exercise there was a significant increase in the arte-
rial lactate level (P < 0.05). A highly significant positive cor-

relation was observed between the lactate level and the isotopic
lactate extraction (r = 0.93; P < 0.001). The myocardial isoto-
pic lactate uptake increased from 34.9±6.5 gmol/min at rest to
120.4±36.5 Mmol/min at 5 min of exercise (P < 0.005). The
14CO2 data demonstrated that 100.4±3.5% of the lactate ex-
tracted as determined by isotopic analysis underwent oxidative
decarboxylation.

Myocardial glucose uptake also increased significantly
with exercise (P < 0.04). The [l4Cjglucose data showed that
only 26.0±8.5% of the glucose extracted underwent immediate
oxidation at rest, and during exercise the percentage being
oxidized increased to 52.6±7.3% (P < 0.01).

This study demonstrates for the first time in humans an

increase in myocardial oxidation of exogenous glucose and lac-
tate during moderate intensity exercise.

Introduction

It is well recognized that free fatty acids (FFA) are the major
energy source for myocardial oxidative metabolism in the
resting, postabsorptive state ( 1-4). Animal and human studies
have shown that the myocardial extractions of the various
substrates used for energy are correlated with the circulating
levels of these substrates (5-8). During moderate intensity ex-
ercise, elevations of circulating lactate have been well docu-
mented (9-13). Previous studies investigating myocardial me-
tabolism have shown that the myocardial uptake of this sub-
strate increases during exercise (14-20); these studies
measured only the arterial-venous (coronary sinus) chemical
lactate difference to determine myocardial uptake. Recently
we have demonstrated that the myocardium releases or pro-
duces lactate as well as extracts this substrate in young healthy
resting males (21). Since simultaneous myocardial lactate ex-
traction and release are occurring, the traditional arterial-cor-

Receivedfor publication 15 March 1988 and in revisedform 25 July
1988.

The Journal of Clinical Investigation, Inc.
Volume 82, December 1988, 2017-2025

onary sinus chemical lactate difference could underestimate
the actual amount of lactate being utilized for myocardial oxi-
dative metabolism.

Studies in humans during exercise indicate that the contri-
bution of exogenous glucose to myocardial oxidative metabo-
lism was decreased or unchanged during exercise (14-17, 19).
These conclusions were based on the arterial-coronary sinus
chemical glucose differences at rest and during exercise. Ex-
periments using isolated perfused hearts have demonstrated
enhanced glycolysis during conditions of increased myocardial
work (22-24). Using '4C-labeled glucose and measuring myo-
cardial production of '4CO2, we found in humans that only
20% of the exogenous glucose being extracted underwent im-
mediate oxidation at rest (21). Thus, during exercise, en-
hanced glycolysis could occur, resulting in an increase in exog-
enous glucose oxidation with minimal or no change observed
in the arterial-coronary sinus glucose difference.

The purpose of the present study was to investigate the
myocardial metabolic fate of exogenous glucose and lactate
during moderate intensity exercise in humans. Accordingly,
dual carbon-labeled isotope experiments were performed
using either D-[6-'4C]glucose and L-[U-'3C]lactate or D-[U-
'3C]glucose and L-[l-'4C]lactate. Myocardial production of
14C02 was measured to quantitate the oxidation rate of the
'4C-labeled substrate. Subjects were exercised on a supine cycle
ergometer at - 40%of their maximal 02 uptake for a duration
of 25 or 50 min.

Methods

Subject selection. Young healthy physically trained male volunteers
were sought and screened as previously published (21). As part of this
screening process, each subject had to complete at least stage V of the
standard protocol of Bruce and Hornsten (25) and reach 95% of his
maximal predicted heart rate (26) on the treadmill exercise test. Before
the metabolic exercise protocol, all subjects returned to the laboratory
to perform a second graded exercise test in the supine position on a
cycle ergometer. The purpose of this latter test was to determine their
maximal 02 uptake (27) and familiarize them with supine cycling and
the breathing apparatus prior to the metabolic procedure. Supine cycle
ergometer exercise was performed with an initial workload of 33 W,
which was increased by 33 Wevery 2 min until voluntary cessation or
fatigue. Minute ventilation, 02 consumption, and CO2 output were
measured continuously during this graded exercise test using a Medical
Graphics System 2000 (Medical Graphics Corp., St. Paul, MN). The
physical examination and both preliminary exercise tests were per-
formed at least 3 d before the metabolic study.

The protocol was approved by the Committees on Human Re-
search 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 Admin-
istration Medical Center. Each subject was informed of the nature,
purpose, and possible risks of the study before written consent was
obtained.
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Protocol. The subjects were instructed to maintain a regular diet;
no dietary manipulations were performed. No subject participated in
an exercise program or training in the 36-h period preceding the meta-
bolic exercise procedure. The subjects reported for the procedure at 8
a.m. after a 12-h fast. No premedication was given. A short teflon
catheter was inserted percutaneously into a left antecubital vein for
isotope infusion. A 7F thermodilution flow coronary sinus catheter
(Webster Laboratories, Baldwin Park, CA) was inserted and a short
polyethylene catheter was placed into the right brachial artery as pre-
viously published (21).

To quantitate myocardial substrate utilization, dual carbon-labeled
isotopes were infused. The subjects received either D-[6-'4C]glucose
and L-[U-'3C]lactate, or D-[U-13C]glucose and L-[l-'4C]lactate. D-[6-
'4C]glucose was obtained from NewEngland Nuclear, Boston, MA(sp
act 56.1 mCi/mmol). It was sterilized by microfiltration (0.22-Agm bac-
teriologic filter [Millipore Corp., Bedford, MA]) and diluted in 0.9%
NaCl. L-[U-'3C]lactate (> 99%enrichment) was obtained from Merck,
Sharp & Dohme (St. Louis, MO)as L-[U-'3C]sodium lactate and steri-
lized as above. Priming doses of 16 ,Ci of [6-'4C]glucose and 1 10 mgof
[U-'3C]lactate were given; this was followed by a continuous intrave-
nous infusion of [6-'4C]glucose at 10 gCi/h and [U-_3C]lactate at
130 mg/h.

For the subjects receiving glucose as the stable isotope and radioiso-
topic lactate, D-[U-'3C]glucose (> 99%enrichment) was obtained from
Merck, Sharpe & Dohme. L-[1-14C]lactate was obtained from New
England Nuclear (sp act 55 mCi/mmol). These were sterilized as de-
scribed above for [6-14C]glucose. After priming doses of 426 mg of
[U-13C]glucose and 10 UCi of [ I-'4C]lactate, a continuous intravenous
infusion of [U-13C]glucose at 263 mg/h and [1-'4C]lactate at 12 MCi/h
was begun.

Wehave previously shown that at rest 20 min is required to achieve
equilibration of the arterial and coronary sinus specific activity and
myocardial CO2 pool when lactate is labeled with a tracer, and that
25-30 min is required for a glucose tracer (21, 28). Thus to ensure
equilibration, the first control or resting blood samples were obtained
at 44±5 min after the priming bolus and the start of the continuous
isotope infusion in this study.

Prior to the first metabolic samples, the subject's feet were posi-
tioned in the cycle ergometer and measurement of respiratory gas
exchange was begun using the Medical Graphics System 2000. Minute
ventilation, 02 consumption (VO2),' and CO2output were measured
continuously during the control metabolic samples and the entire ex-
ercise period.

Arterial and coronary sinus blood samples were drawn simulta-
neously. Samples were obtained for chemical concentrations of glu-
cose, lactate, and FFA, isotopic analyses (14C and 13C) of glucose and
lactate, and the 02 content. Immediately after every metabolic blood
sample, heart rate, arterial pressure, and coronary sinus blood flow
were recorded. Coronary sinus blood flow was determined by a ther-
modilution technique using room temperature normal saline infused
at a rate of 46 ml/min (29).

Two sets of samples were obtained at rest (5-10 min apart). Supine
cycle ergometer exercise commenced immediately at a workload that
corresponded most closely to 40% of the subject's maximal 02 uptake.
A pedaling frequency of 60 rpm was maintained. In three subjects after
25 min of exercise at 40% of their maximal 02 uptake, the workload
was increased to that corresponding to 80%and this was continued for
15 min. In the remaining subjects, exercise at 40%maximal 02 uptake
was continued for the entire 50 min. Samples were obtained at 5-10-
min intervals during exercise. In the three subjects exercising at the
high-intensity workload (80% maximal 02 uptake), there was an expo-
nential increase in the circulating lactate levels. The isotopic analysis
and chemical differences may not accurately reflect myocardial sub-
strate utilization under these conditions; thus the data at the high
intensity workload will not be presented.

1. Abbreviations used in this paper: MVO2, myocardial oxygen con-
sumption; V02, total oxygen consumption.

Chemical analysis. Weighed blood samples for analysis of lactate,
glucose, specific activities, and "3C enrichments were mixed immedi-
ately with a measured volume of cold 7% perchloric acid and centri-
fuged. The protein-free supernatant was removed and stored at -40C
for future analysis. The coefficient of variation and the methodology
for the chemical substrate analyses, determination of specific activities,
'4CO2 measurement, and [U-'3C]lactate analysis have been published
previously for our laboratory (21, 28).

[U-'3C]glucose content was determined using a modification of the
method developed by Bier et al. (30) for 6,6-dideuteroglucose. Glucose
was isolated from the protein-free supernatant by ion exchange chro-
matography, lyophilized, and converted to a butane-boronic-acetate
derivative (31). This derivative was analyzed by gas chromatography/
mass spectrometry as described by Bier et al. (30) measuring the masses
at 297 (M-C4H9)+ corresponding to unlabeled glucose and at 303 cor-
responding to [U-'3C]labeled glucose. The enrichments were com-
pared to a standard curve prepared by diluting 99% enriched [U-'3C]-
glucose with unlabeled glucose.

02 content was determined manometrically by the technique of
Van Slyke and Neill (32). All isotopic and chemical analyses were
performed in duplicate.

Calculations. The chemical extraction (,umol/ml) for a given sub-
strate was calculated as [A] - [CS], where [A] is the arterial concentra-
tion and [CS] is the coronary sinus concentration. The chemical sub-
strate uptake (jumol/min) was calculated from the chemical extraction
and the coronary sinus (CS) blood flow as ([A] - [CS]) X CS flow.

The isotopic lactate extraction ratio (%) for [U-'3C]lactate was cal-
culated as ([A] X %'3C3 in artery - [CS] X %'3C3 in CS)/([A] X %'3C3
in artery) X 100, where %'3C3 = (['3C3]1actate)/(chemical lactate)
X 100.

The isotopic lactate extraction ratio (%) for ['4Cllactate was calcu-
lated as ([A] X sp act lactate in artery - [CS] X sp act lactate in CS)/([A]
X sp act lactate in artery) X 100.

The myocardial isotopic lactate extraction (.umol/ml) was deter-
mined from either the [U-'3C]lactate or [14C]lactate extraction ratio as
[A] X isotopic lactate extraction ratio (%)/100. The isotopic lactate
uptake (Amol/min) was obtained from the isotopic lactate extraction
X CS flow. Myocardial lactate release (Mtmol/ml) represents the differ-
ence between the isotopic lactate and the chemical lactate extrac-
tion (28).

The oxidation of exogenous glucose or lactate labeled with 14C
(,umol/ml) was calculated as ((CS - A)'4C02 dpm/ml)/(arterial specific
activity of substrate).

Since other substrates are labeled secondarily when tracers are in-
fused, the (CS - A) '4C02 was corrected for the possible oxidation of
the secondarily labeled substrates as previously published (21, 28).

Using dual-carbon labeled isotopes of glucose and lactate and
measuring the arterial and coronary sinus enrichments of the stable
isotopes and the specific activities of glucose and lactate allow quanti-
tation of the conversion of exogenous glucose to lactate being pro-
duced by the myocardium (21).

Myocardial oxygen consumption (ml/min) was calculated from the
arterial-coronary sinus difference in the oxygen content (ml/ 100 ml)
and the CS flow as (A - CS) 02 X CS flow.

Statistical analysis. To compare the arterial substrate levels, myo-
cardial substrate extractions and uptakes at rest with the various time
periods during exercise, the Wilcoxon matched-pairs signed rank test
(33) with the Bonferroni correction (34) was used. Linear regression
analyses were performed to correlate the arterial substrate levels with
the myocardial extraction (35). The data are presented as means±SE
unless otherwise specified.

Results

The study group consisted of nine healthy trained male sub-
jects. Their ages, weights, maximal 02 uptake, and type of
training are given in Table I. The mean maximal 02 uptake in
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Table I. Physical Description and Exercise Performance of Subjects

Exercise metabolic study

Subject* Age Weight VO2max Training VO2max Duration

yr kg ml/kg- min % min

1 26 84.0 48.7 Competitive rower 42 25
2 30 72.7 53.2 Competitive triathlete 53 25
3 38 82.7 50.7 Recreational runner 48 25
4 20 93.0 50.8 Competitive rower 46 50
5 32 76.6 66.8 Competitive triathlete 39 50
6 19 82.1 54.8 Recreational cyclist 39 50
7 20 78.1 47.1 Recreational runner 40 50
8 21 58.5 69.5 Competitive cyclist 40 50
9 20 65.9 56.7 Competitive cyclist 45 50

Mean±SD 25±6 77.1±9.7 55.4±7.4 44±4

Data represent mean±SD. V02max, maximal 02 consumption. * [6-'4C]glucose and [U-'3Cllactate were infused in subjects 1-6. [U-'3C]glu-
cose and (1-'4C]lactate were infused in subjects 7, 8, and 9.

these subjects was 55.4±7.4 (SD) ml/kg- min, which is high for
supine exercise and is an indication of the subjects' level of
training (36, 37). An attempt was made to exercise each sub-
ject at 40%of his maximal 02 uptake during the exercise meta-
bolic protocol. The percentage of maximal 02 uptake achieved
for each individual is listed in Table I; for the group, 44±4%
(SD) of their maximal 02 uptake was achieved which repre-
sented a workload of 102±15 W(SD).

Heart rate, arterial pressure, coronary flow, and myocar-
dial oxygen consumption (MVO9. The heart rate, mean arte-
rial pressure, coronary blood flow, and total body 02 uptake
are given in Table II for the control period and the various
times during exercise at 40% maximal 02 uptake. A significant
increase in the arterial-coronary sinus 02 difference as well as
a significant increase in MV02were observed during exercise
(P < 0.04) (Table III).

Circulating substrates. The arterial lactate, glucose, and
FFA levels are shown over time with exercise at 40% maximal
02 uptake in Fig. 1. The mean control value for arterial lactate
was 0.64±0.03 urmol/ml. In seven of the nine subjects there

Table II. Hemodynamics and Coronary Blood
Flow during Exercise

Minutes during exercise at 40% VO2max

Rest 5-10 15-20 25-30 50

Heart rate (bpm) 63±2 117±2 122±3 124±3 126±3

Mean arterial 101±3 108±4 104±5 104±4 98±3
pressure (mmHg) * NS NS NS

Coronary blood flow 114±10 222±15 235±23 238±21 211±19
(ml/min) § § § t

V02 (ml X kg' 4.6±0.3 24.5±0.8 24.8±0.9 25.0±0.8 25.5±0.9
Xmin-') § s $

Data represent mean±SE.
* P < 0.05 vs. control; $ P < 0.01 vs. control; lP < 0.005 vs. control.

was an early rise and peak in arterial lactate; at 5 min of
exercise circulating lactate was 219±27% of the control value
in these subjects (P < 0.01). At 10 min of exercise the lactate
level was decreasing and the level plateaued until 20-25 min of
exercise; at that point the lactate level was 176±14% of control
(upper graph, Fig. 1). In the remaining two subjects, the arte-
rial lactate fell with exercise. The levels represented in Fig. 1
are the mean±SE for all nine subjects.

The mean control values for arterial glucose and FFA were
5.24±0.07 and 0.68±0.07 umol/ml, respectively. There were
no significant changes in the circulating glucose or FFA levels
during the 50 min of exercise in this study (Fig. 1).

Myocardial lactate utilization. If an organ is simulta-
neously extracting and releasing (producing) a substrate, the
arterial-venous chemical difference will be less than the isoto-
pic extraction. In all subjects at rest and during moderate ex-
ercise, the arterial-coronary sinus chemical lactate difference
was less than the isotopic lactate extraction. At rest the chemi-
cal lactate difference was 40.2±4.4% lower than the isotopic
lactate extraction; this difference varied from 25.1% to 62.4%
in these nine subjects. This finding demonstrates that the
myocardium is releasing lactate in healthy trained subjects. It
also shows that the traditional arterial-coronary sinus lactate
difference underestimates the actual amount of lactate ex-
tracted by the myocardium. In this study the chemical lactate
uptake underestimated the actual or isotopic lactate uptake by
40.2±4.4% at rest and by 21.6±1.4% during exercise.

The isotopic and chemical extractions for lactate during
the control period and the various time points of exercise are
summarized in Table III. With coronary sinus flow measure-
ments, the myocardial uptake can be calculated and expressed
in micromoles per minute. The myocardial isotopic lactate
and chemical uptakes are compared over the time course of
exercise in Fig. 2. If the myocardial lactate uptake during the
various time periods of exercise is compared with the arterial
lactate level (Fig. 1 and Table III), one finds that the lactate
uptake is very dependent on the circulating level of this sub-
strate. Fig. 3 shows the correlation between the isotopic lactate
extraction and the arterial lactate level for each data point in
these nine subjects at rest and during moderate exercise. A
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Table III, Myocardial Chemical and Isotopic Substrate Uptake during Exercise

Minutes during exercise at 40% V02max

Rest 5-10 15-20 25-30 50

Arterial lactate (umol/ml) 0.64±0.03 1.07±0.22 0.96±0.16 0.94±0.13 0.66±0.07
§ § § NS

A-CS chemical lactate (gmol/ml) 0.18±0.03 0.42±0.09 0.35±0.06 0.32±0.04 0.21±0.03
§ * NS NS

Chemical lactate uptake (mol/min) 22.7±5.1 91.5±26.2 85.3± 19.9 81.3±16.0 44.3±7.1
11 11 § NS

Isotopic lactate extracted (mol/ml) 0.29±0.04 0.51±0.11 0.44±0.07 0.39±0.05 0.30±0.02
* * NS NS

Isotopic lactate uptake (mol/min) 34.9±6.5 112.6±32.4 106.0±23.8 97.5±17.4 63.0±7.8
Il Il II NS

Arterial glucose (gmol/ml 5.24±0.07 5.26±0.09 5.30±0.06 5.34±0.06 5.28±0.11
NS NS NS NS

A-CS glucose (mol/mb 0.23±0.04 0.19±0.04 0.24±0.04 0.23±0.04 0.24±0.05
NS NS NS NS

Glucose uptake (gmol/min) 28.1±6.1 47.0±9.3 58.6±13.2 56.3±13.1 51.4±10.3
11 11 11 §

Exogenous glucose oxidation (gmol/ml0 0.08±0.03 0.11±0.04 0.13±0.04 0.13±0.04 0.10±0.02
§ § §

Rate of exogenous glucose oxidation (,tmol/min)' 10.6±5.1 27.7±10.4 37.2±15.3 36.6±13.0 22.0±3.2
§ § §

Arterial FFA (Amol/mb) 0.68±0.07 0.64±0.04 0.70±0.06 0.75±0.05 0.77±0.05
NS NS NS NS

A-CS FFA (miln/ml) 0.18±0.02 0.14±0.01 0.15±0.02 0.16±0.02 0.20±0.01
* NS NS NS

FFA uptake (moli/min) 20.1±1.8 31.8±4.1 34.1±3.5 37.7±4.9 43.2±6.2
11 11 11 §

A-CS 02 (ml/100 ml) 12.3±0.4 13.6±0.4 13.9±0.3 14.1±0.3 14.3±0.7

MVO2(ml/min) 14.0±1.5 29.5±2.1 31.9±3.8 31.6±3.0 31.7±3.4
11 11 11 §

Data represent mean±SE. Abbreviations: A, arterial; CS, coronary sinus; V02max, maximal oxygen consumption. * P < 0.05 vs. control;
<0.025 vs. control; § P < 0.01 vs. control; 1l P < 0.005 vs. control. 1 Exogenous glucose oxidation only calculated in the six subjects re-

ceiving [6-'4C]glucose.

highly significant positive correlation exists between the myo-
cardial isotopic lactate extraction and the arterial level of this
substrate (r = 0.93, P < 0.001).

Three subjects received [U-'3Clglucose and [1-'4C]lactate
as tracers. Lactate was labeled with '4C in the first carbon
position; this carbon is released as CO2when pyruvate is de-
carboxylated to form acetyl-coenzyme A. Measuring the myo-
cardial production of "'CO2 in these subjects allows quantita-
tion of the amount of lactate undergoing oxidative decarboxyl-
ation in the myocardium. Fig. 4 compares the amount of
lactate undergoing oxidative decarboxylation with the chemi-
cal lactate extraction (upper graph) and isotopic lactate extrac-
tion (lower graph). The dashed lines represent the lines of
identity, i.e., the data points would fall on this line if the lactate
extracted was equal to the amount oxidized. The lower graph
shows that 100.4±3.5% of the lactate extracted as measured by
the isotopic analysis underwent oxidative decarboxylation.
Similar calculations for the chemical lactate extraction implies
that 139.4±4.6% of the lactate extracted was oxidized. Thus,
the 14"C2 measurement indicates that the chemical lactate

uptake underestimates myocardial lactate utilization and that
myocardial lactate utilization is very closely correlated with
the isotope lactate uptake.

Fig. 5 compares the isotopic lactate extraction, the amount
of lactate undergoing oxidative decarboxylation, the chemical
lactate extraction (lower graph) and the arterial lactate (upper
graph) in one of the three subjects receiving [1-"'C]lactate.
This subject (Table T, subject 8) is highly trained and is one of
two subjects whose circulating lactate decreased with moderate
intensity exercise. In the six data points shown in Fig. 5, the
ratio of lactate undergoing oxidative decarboxylation to the
isotopic uptake was 0.96±0.05 compared with 1.56±0.09 for
the ratio of lactate utilization to the chemical uptake.

Myocardial lactate release. As stated previously, myocar-
dial release or production of lactate accounts for the difference
between the isotope and chemical extraction. At rest, myocar-
dial lactate release was 0.10±0.01 mol/ml and this value fell
during exercise to 0.09±0.02 at 15-20 min and 0.07±0.01
,gmol/ml at 25-30 min. The rate of lactate released was
12.2±1.6 Mmol/min at rest and increased slightly to 16.2±2.4
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Figure 1. The arterial lactate (upper graph), glucose (middle graph),
and FFA (lower graph) levels (jimol/ml) are presented for the preex-

ercise control period (rest) and during the 50 min of exercise at 40%
of maximal 02 uptake. The data are presented as mean±SE of the
nine subjects. *Data only on six subjects; the arterial levels on the
three subjects exercising at 79% of maximal 02 uptake were not in-
cluded. There was a significant increase in arterial lactate level for
the initial 25 min of exercise (P < 0.05). In the six subjects who con-

tinued exercising for 50 min, there were no significant changes in
their lactate levels compared with control at the 30- and 50-min
sampling periods. The two subjects whose lactate level fell during ex-

ercise were in the latter group. No significant changes occurred in the
glucose or FFA levels during exercise.

and 16.1±3.8 Amol/min, respectively, during exercise; how-
ever these changes were not statistically significant.

Glucose utilization. Table III gives the values for myocar-

dial glucose extraction, uptake, and exogenous glucose oxida-
tion. There were no significant changes in the arterial-coro-
nary sinus glucose differences (Iimol/ml) during exercise com-

pared with control. However if coronary sinus blood flow is
taken into account, an increase in myocardial glucose uptake
was observed in all nine subjects during exercise (P < 0.04). At
5-10 min and at 25-30 min of exercise, myocardial glucose
uptake increased to 192.9±31.5% and 236.7±48.6% of the
control value, respectively (Table III).

[6-'4C]glucose was infused in six of the subjects. The car-
bon in the sixth position on glucose is released as CO2 in the
citric acid cycle. By measuring the myocardial production of
'4CO2, the amount of exogenous glucose being oxidized by the
myocardium can be quantitated. A significant increase in
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Figure 2. Comparison of the chemical and isotopic lactate uptakes
by the myocardium at rest and during exercise at 40% maximal 02
uptake. Histograms represent mean±SE of the uptakes (Amol/ml
X coronary sinus flow) in all nine subjects, (* except at 30 and 50
min of exercise where the mean±SE of the six subjects continuing
exercise at the moderate-intensity workload are presented). Statistical
analyses showed significant increases for both chemical and isotopic
lactate uptakes in the nine subjects during exercise for the initial 25
minutes (P < 0.05 and P < 0.025, respectively). Comparison of con-
trol with the results at 30 and 50 min of exercise in six subjects
showed no significant changes. The two highly trained subjects with
a fall in circulating lactate during exercise were among the six sub-
jects exercising to 50 min, and they also had a decrease in myocar-
dial lactate uptake in the 30- and 50-min periods.

myocardial exogenous glucose oxidation was observed during
exercise (P < 0.03). Fig. 6 compares the myocardial glucose
uptake and the rate of exogenous glucose oxidation in the six
subjects receiving [6-14C]glucose. The percentage of the glu-
cose extracted undergoing rapid oxidation increased signifi-
cantly with exercise; the percentage at rest was 26.0±8.5% and
this increased to 52.6±7.3% with exercise (P < 0.01).

Despite the significant increase in myocardial glucose up-
take and the increase in exogenous glucose oxidation docu-
mented with the '4CO2 data, there were no significant changes
in the circulating glucose levels during exercise (Fig. 1, Table
III). Regression analysis showed there was not a significant
correlation between the arterial glucose level and myocardial
glucose extraction (r = 0.02).
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Figure 3. Correlation between the arterial lactate level and the myo-
cardial isotopic lactate extraction in the nine subjects at rest (m) and
during exercise (o). The isotopic lactate extraction was determined
by 14C or '3C analysis. Linear regression analysis gives r = 0.93 (P
< 0.001) with n = 57, y = 0.38x + 0.05; standard error of the esti-
mate y on x = 0.06 jtmol/ml.
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Figure 4. (Upper graph) The relationship between myocardial lactate
oxidation and the chemical arterial-coronary (cor.) sinus lactate ex-
traction for the individual data points at rest (a) and during moder-
ate-intensity exercise (o). For all data points except two resting
points, the amount of lactate being oxidized by the myocardium is
greater than the chemical lactate extraction. The calculated mean
ratio between lactate oxidized and the chemical extraction is
1.39±0.05. This indicates that the myocardial chemical lactate ex-
traction underestimates the amount of lactate utilized by the myo-
cardium. (Lower graph) Myocardial lactate oxidation is compared
with the isotopic lactate extraction. As shown there is a close rela-
tionship between the amount oxidized and the isotopic extraction,
the ratio between the amount oxidized and the isotopic extraction is
1.00±0.04.

Dual carbon-labeled isotopes allowed quantitation of the
amount of exogenous glucose proceeding through glycolysis
and being released as lactate. At rest, 0.03±0.01 ,tmol/ml or
12.3±1.5% of the glucose extracted by the myocardium was
released as lactate. With coronary flow taken into account, this
value is 3.4±0.8 ,tmol/min, and increased to 5.7±1.4 ,umol/
min at 15-20 min of exercise and 6.7±1.3 ,gmol/min at 25-30
min; however, these changes were not statistically significant.

FFA Uptake. Previous reports show that the arterial-coro-
nary sinus chemical FFA difference underestimates the myo-
cardial extraction of this substrate (5, 15, 38). However, FFA
were not labeled in this study. Table III shows the myocardial
chemical FFA extraction and uptake in these nine subjects.
The mean arterial-coronary sinus chemical FFA extraction
decreased during the early phase of moderate exercise; but this
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Figure 5. The arterial lactate level (upper graph) and a comparison of
myocardial isotopic lactate extraction, lactate oxidation, and chemi-
cal extraction (lower graph) are shown for an individual subject (sub-
ject 8, Table I). This individual was a well-trained cyclist, and is one
of the two subjects whose lactate level fell during moderate-intensity
exercise. As the circulating level fell, the isotopic lactate extraction
and the amount oxidized also decreased.

difference was not significant. However, when coronary sinus
blood flow is taken into account, there was a significant in-
crease in FFA uptake during exercise (P < 0.04). The percent
increase in chemical FFA uptake, however, was less compared
with the glucose and isotopic lactate uptakes. At 15-20 min of
exercise, the FFA uptake had increased to 186% of the control
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Figure 6. Comparison of myocardial glucose uptake (open bars) and
the amount of exogenous glucose undergoing rapid oxidation
(hatched bars) at rest and during exercise at 40% maximal 02 uptake
in the six subjects receiving [6-14C]glucose. Exogenous glucose oxida-
tion was calculated from the myocardial production of '4C02. The
histograms represent mean±SE; the data are expressed as micro-
moles per minute (,gmol/ml X coronary sinus flow). There was a sig-
nificant increase in myocardial glucose uptake with exercise (P
< 0.03). As shown, there was also a significant increase in the rate of
exogenous glucose oxidation (P < 0.03); the percentage of extracted
glucose undergoing rapid oxidation increased from 26.0±8.5% at rest
to 52.6±7.3% during exercise.
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value compared with 231% for glucose uptake and 331% for
isotopic lactate uptake.

Although there was an upward trend in the arterial level of
FFA at 50 min of exercise, there were no significant changes in
the FFA levels during exercise compared with rest. A signifi-
cant positive correlation was present between the FFA chemi-
cal extraction and the arterial level at rest and during exercise
(r = 0.71; P <0.001).

Discussion

In this study we have demonstrated for the first time that
myocardial oxidation of exogenous glucose and lactate is in-
creased during moderate-intensity exercise in humans. Pre-
vious human studies investigating myocardial metabolism
during exercise only measured the arterial-coronary sinus dif-
ferences of these substrates ( 14-20). In this investigation "'C-
labeled glucose or lactate were infused as tracers and the myo-
cardial substrate oxidation was determined by measuring the
myocardial production of "4CO2. Previously published studies
have reported a decrease or no change in myocardial glucose
extraction during exercise (14-17, 19). In the present study
there were no significant changes in the arterial-coronary
sinus glucose differences. However, when coronary blood flow
was taken into account, a significant increase in glucose uptake
was observed (Table III). Furthermore, the "'CO2 data showed
that the percentage of extracted glucose undergoing rapid oxi-
dation also increased significantly during exercise from
26.0±8.5% at rest to 52.6±7.3% during exercise (Fig. 6). Ex-
periments with isolated hearts have demonstrated increases in
glycolysis during periods of increased myocardial work
(22-24). Although the increased work in these isolated heart
experiments was not associated with the hormonal and neural
stimulation of moderate intensity exercise, their results and
those reported in this study indicate that myocardial glucose
uptake and utilization are enhanced during periods of in-
creased workloads.

Probst et al. (39) have shown that cultured adult ventricu-
lar myocytes release lactate when incubated with room air or
100% 02. These isolated cells were in a resting state, i.e., they
were not spontaneously beating. In an anesthetized canine
preparation under normoxia and nonischemic conditions,
Leunissen and Piatnek-Leunissen (40) also demonstrated that
the myocardium was releasing lactate despite net chemical
extraction of this substrate. Recently we have demonstrated
that the normal human myocardium is also releasing lactate at
rest (21). These data indicate that the nonoxidative glycolytic
pathway is active in the normal healthy myocardium.

Therefore, since the myocardium is simultaneously releas-
ing and extracting this substrate, the chemical arterial-coro-
nary sinus lactate difference, which reflects the net balance,
would underestimate the true or actual amount of lactate
being extracted and possibly oxidized by the myocardium. In
the present study, the lactate was labeled with '3C or 14C in
order to quantitate the true or actual extraction of this sub-
strate. In all subjects both at rest and during exercise the myo-
cardial chemical lactate extraction was less than the isotopic
lactate extraction, indicating that the myocardium was releas-
ing lactate.

In a subset of subjects, [1-"'Cllactate was infused and the
production of "'CO2 was measured to quantitate the amount

of lactate being oxidized by the myocardium during moder-
ate-intensity exercise. Under these conditions we found that
100.4±3.5% of the isotopic lactate extracted undergoes rapid
oxidation. If the amount oxidized as calculated by the 14CO2
production is compared with the chemical uptake, the theoret-
ical percentage would be 139.4±4.6. Thus the 14C02 measure-
ment, independent of the isotopic uptake, demonstrates that
the chemical lactate extraction underestimates myocardial ox-
idation of this substrate. Both our isotopic lactate and '4CO2
findings indicate that previous studies measuring only the
chemical lactate difference underestimated the myocardial
uptake and utilization of this important substrate. In this
study, we observed a close correlation between lactate oxida-
tion and the arterial lactate level. As shown in Fig. 5, we found
a decrease in myocardial lactate oxidation as the arterial lac-
tate level declined with prolonged exercise.

In contrast to the data on lactate which shows 100% oxida-
tion, we found that only 26.0±8.5% of the glucose extracted is
undergoing rapid oxidation at rest. Another 12.3±1.5% of the
extracted glucose proceeded through glycolysis and was re-
leased as lactate. Thus 60% of the exogenous glucose extracted
by the myocardium at rest enters a slow turnover pool, pre-
sumably glycogen. This is a limitation of our isotopic tech-
nique in that we are not able to measure the specific activity of
glucose-6-phosphate or other metabolic intermediates in the
glycolytic pathway. Prolonged isotope infusion will result in
enhanced labeling in this storage pool which could result in
changes in the specific activity of these glycolytic interme-
diates. The duration of the isotope infusions in this study was
96±5 min. In previous experiments, we have measured myo-
cardial exogenous glucose oxidation over a 98±3-min period
in resting subjects and have found no increase in exogenous
glucose oxidation values during this time period (21). Thus, we
believe that the increase in exogenous glucose oxidation ob-
served in this study is related to the increase in myocardial
work and not to prolonged isotope infusion.

Another limitation of the technique is that we are not able
to measure total glycolysis, i.e., the contribution of glycogen to
glycolysis and amount of glycogen being oxidized. The differ-
ence between the total lactate release and the lactate coming
from exogenous glucose presumably represents the contribu-
tion of glycogen to nonoxidative glycolysis. This same relative
ratio of exogenous glucose to endogenous glucose (glycogen) is
probably entering glycolysis and being oxidized. The results in
this study dealing with glucose metabolism all refer to the
metabolic fate of exogenous glucose and not glycogen. Animal
studies measuring glycogen levels have shown that myocardial
glycogen decreases with moderate to heavy intensity exercise
(41, 42). Thus, metabolism of both exogenous glucose and
endogenous stores is increased during exercise.

To determine the contribution of a substrate to oxidative
metabolism, an oxygen extraction ratio is often calculated. In
previous studies oxygen extraction ratios have been calculated
for glucose and lactate from the arterial-coronary sinus chemi-
cal differences (5-7, 14-18, 20). In this study the oxygen
equivalents can be calculated from the amount of each sub-
strate oxidized based on the 14CO2 data. If these oxygen equiv-
alents are calculated on the six subjects receiving [6-"4C]-
glucose and [U-'3Cjlactate, one finds that the contribution of
exogenous glucose to oxidative metabolism increased signifi-
cantly from 8.6±3.3% at rest to 13.6±3.5% during the early
phase of moderate exercise (first 15 min of exercise) (P < 0.01).
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These values only pertain to the contribution of exogenous
glucose to oxidative metabolism. The contribution of lactate
to oxidative metabolism also significantly increased from
13.6±2.0% at rest to 27.6±6.1% during moderate exercise (P
< 0.025). These percentages are based on the isotopic lactate
extraction values.

The effect of moderate intensity exercise on circulating
substrate levels has been well characterized (9-13, 17, 43-50).
Several investigators have measured lactate and FFA concen-
trations and turnover rates during exercise (12, 13, 44, 46, 47,
49, 50). In 1936 Bang reported that during prolonged moder-
ate-intensity exercise, an early rise in systemic lactate occurred
(9). This early elevation in lactate level peaked within 5-10
min of exercise; after this early peak the lactate level fell slowly
with continuous exercise at the same workload. Seven of the
nine subjects in the present study had an early rise in circulat-
ing lactate which peaked at 5 min. The arterial lactate in the
remaining two subjects (subjects 8 and 9, Table I) fell during
the entire 50-min exercise period. Both subjects (subjects 8 and
9) were highly trained, competitive cyclists. Several investiga-
tors have measured the systemic lactate response to exercise in
trained and sedentary subjects (10, 17, 18, 43). They reported
that with physical training the rise in arterial lactate to similar
strenuous workloads is diminished. All subjects in this investi-
gation were active in physical training, however as shown in
Table I the type and degree of physical training varied and we
believe this factor accounts for the wide range in the circulat-
ing lactate levels observed in our study. During very strenuous
exercise, exponential rises in lactate have been reported (1 1,
13). Weobserved similar rises in arterial lactate in the three
subjects exercising at 80% maximal 02 uptake. However, ex-
ponential rises in circulating lactate were not seen in any of the
subjects exercising at the moderate workload of 40% maximal
02 uptake.

There were no significant changes in the arterial glucose
levels during the 50 min of exercise at 40% of maximal 02
uptake; this is similar to the findings reported by other investi-
gators (10, 47). However, despite no changes in the circulating
glucose, there was a significant increase in myocardial glucose
uptake and exogenous glucose oxidation with exercise. During
exercise, not only are there alterations in the circulating sub-
strates but also hormonal levels and sympathetic activity are
also changing. These levels were not measured in the present
investigation. Wahlqvist et al. (15) and Ahlborg et al. (44, 45)
observed significant decreases in insulin levels with prolonged
exercise. In addition, Wahlqvist et al. (15) measured growth
hormone and glucocorticoid levels and found no significant
changes in these levels with exercise. Ahlborg et al. (44, 45)
reported significant increases in both epinephrine and norepi-
nephrine levels during exercise. The enhanced myocardial
glucose uptake and exogenous glucose oxidation which were
observed in this study may in part be related to the catechol-
amine changes associated with exercise.

In summary, we have demonstrated for the first time that
the myocardial oxidation of exogenous glucose and lactate
increases during moderate-intensity exercise in trained human
subjects. Myocardial glucose uptake (,umol/ml X flow) in-
creased in all subjects during exercise. The percentage of glu-
cose extracted by the myocardium undergoing rapid oxidation
also significantly increased during exercise. With the early rise
of circulating lactate during exercise, there was a significant
increase in myocardial lactate uptake. Wealso showed that the

traditional arterial-coronary sinus chemical lactate extraction
underestimates the amount of lactate extracted and oxidized
by the myocardium both at rest and during exercise.
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