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The relative abilities of various substrates 
to maintain the functional activity of the 
myocardium have been extensively investi- 
gated ( 1-10). Although numerous studies on 
cardiac metabolism involving the use of 
cardiac tissue slices ( 11-1 5 ) ,  isolated hearts 
from animals ( 16-24) , and hearts contracting 
in situ (25-28) have attempted to relate the 
effects of substrates on the functional activi- 
ty of the myocardium, no direct demonstra- 
tion confirming the utilization of individuaI 
substrates for the contractile process of iso- 
lated human heart in the in vitro system has 
been made. 

T o  demonstrate direct evidence of sub- 
state utilization by human heart, we used 
isolated human atria contracting in an in vitro 
system. I n  order to investigate the relation- 
ship between metabolizable substrates and 
contractile behavior of human atria, one can 
introduce the substrates after the force of 
contraction has declined due to prolonged 
activity in sub'strate-free medium, and deter- 
mine the effect of individual substrates on 
the mechanical performance. We have carried 
out such experiments with glucose, py- 
ruvate, lactate, acetate, and fructose. 

Methods. Isolated right atrial appendages 
were obtained a t  the time of catheter replace- 
ment for cardiac surgery in patients with 
atrial septa1 defect, pulmonary stenosis, or 
aortic stenosis. Atria were obtained from both 
male and female patients 7-10 years old. 
Immediately upon removal from the patients, 
the auricular appendages were placed in 
modified Krebs-Ringer bicarbonate glucose 
medium of the following composition (mM) : 

1 This investigation was supported by Grants HE- 
07718, H-6308, and RR-00162 from the U.S. Public 
Health Service. 

NaCl 120; KCl 4.8; CaC12 2.44; KH2P04 
1.20; XlgS04 7H20 1.2; NaHC03 25.3; glu- 
cose 20 a t  pH 7.4. The medium was previous- 
ly aerated with 95% O2 and 5% C02 and 
placed in an ice bath. The atria were trans- 
ported in this iced medium from the operating 
room to the laboratory (about 5 min). The 
auricular appendages were trimmed of fatty 
tissue, cut into 10- to 15-mm lengths and then 
rapidly transferred into a tissue bath contain- 
ing the modified Krebs-Ringer bicarbonate 
glucose medium (as above) at 37". 

The experimental apparatus and procedures 
for recording the developed tension of the 
atria were the same as previously reported 
for rat atria (10, 24). A constant resting 
tension of 750 mg was maintained throughout 
the experimental period. The developed ten- 
sion was recorded with a Statham strain 
gage, and the atria were stimulated electrical- 
ly a t  a rate of 70 pulses per min. An equili- 
bration period of 60 min was allowed before 
readings were taken. The experimental values 
of contractility (peak tension) were com- 
pared with control values obtained at zero 
time (after equilibration) and expressed as 
percentage of change in developed tension. 

Results. Efect of glucose on contractility 
of isolated human atria. Human atria were 
initially incubated in the Krebs-Ringer 
bicarbonate medium containing 5.5 m M  glu- 
cose a t  37". The force of contraction declined 
rapidly, however, in this medium. Increasing 
the concentration of glucose to 20 mM re- 
sulted in a steady force of contraction for 6 
hr. In  order to find the optimum concentra- 
tion of glucose, a series of atria were initially 
equilibrated in 20 mM glucose for 1 hr. The 
medium was then changed to one containing 
either 30, 40, or 60 mM glucose. The force of 
contraction was followed for an additional 
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FIG. 1. Effect of glucose on human atria. Atria were equilibrated for 1 hr with 2 0  mM glucose prior 
to start of experiment. At zero time the medium was either changed to one containing 30, 40, or 
60 mM or left unchanged (20 mM). Figures in parentheses represent num(ber of experiments. All 
points represent mean values. 

40 min and compared to control atria in 20 
mM glucose. Figure 1 demonstrates the max- 
imally effective concentration of glucose to be 
30 mM. At higher concentrations osmotic 
effects may be operating. 

Eflect of substrates on contractility of iso- 
lated human atria. After an equilibration 
period in the Krebs-Ringer bicarbonate 
medium containing 30 mM glucose, the atria 
were incubated in a similar medium but with- 
out glucose for 30 min (Fig. 2 ) .  This resulted 
in a rapid drop in contractility. Addition of 
30 mM glucose or pyruvate promptly 
restored the force of contraction to the con- 
trol level. Fructose, lactate, or acetate, all a t  
30 mM, partially restored the contractility. 

Discussion. Using coronary sinus catheriza- 
tion in men in vivo Bing and his co-workers 
(29) and also Goodale and Hackel (2 6)  have 
found that the human heart utilizes glucose, 
pyruvate, and lactate. Bernsmeier and Ru- 
dolph have reported that the human heart 
utilizes about 11 g of glucose and 10 g of lac- 
tic acid per day (30). However, the function- 
al importance of substrates directly on the 
isolated human heart has not ;been demon- 
strated. 

The present study shows that glucose or 
pyruvate were more effective than acetate, 
lactate, or fructose as energy sources for the 

contractile process in the isolated human 
atria. The marked positive inotropic action 
of pyruvate ( 3 0 m M )  on the substrate- 
depleted human atria is in marked contrast 
to its effects on rat atria. In the rat the 
maximally effective concentration is about 
2.5 mM and it is only partially effective in 
restoring the contractility of substrate- 
depleted or 2-de~xy-glucose-treated atria 
( 2  1) .  Higher concentrations are less effective 
and even depressant if glucose is in the 
medium (9 ) .  The apparent preference of the 
rat heart for glucose over pyruvate has been 
attributed to an extra effect of glucose on the 
contractile process due to early steps in its 
metabolism in addition to its ability to gener- 
ate ATP (9, 2 1). Under the conditions of the 
present human atrial experiment it appears 
that early steps in the metabolism of glucose 
may not be important for a fraction of the 
contactile activity since pyruvate is as effec- 
tive as glucose. 

Besides the species difference, however, it 
should be pointed out that the rat atria were 
at  38" in a medium containing 1.22 mM 
calcium and stimulated a t  a rate of 200 
pulses per min. The human atria were at 37" 
with 2.44 mM calcium with stimulus rate of 
70 pulses per min. Temperature, per se, may 
affect the utilization of glucose as evidenced 
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by the greater positive inotropic action of 
glucose at  27" in the isolated cat papillary 
muscle preparation than at 3 7" ( 7 ) .  

Fructose has been shown to serve as 
excellent substrate for the maintenance of 
contractility by the isolated rat atria when 
used at  a concentration of 30 mM (24). Opie 
et al. (22) found fructose ( 5  mM) to be 
taken up and metabolized to COz less than % 
as rapidly as glucose ( 5  &I).  Gimeno et al. 
(9) demonstrated that fructose, a t  concentra- 
tions of 5.5 or 11 mM, is utilized for contrac- 
tility but not nearly so efficiently as the cor- 
responding concentrations of glucose. Thus 
the uptake of fructose or its conversion to 
fructose-6-phosphate may be rate-limiting, 
higher concentrations of fructose than glucose 
being necessary for similar effects. A similar 
situation may exist in the human atria since 
fructose is less effective than glucose at  simi- 
lar concentrations. 

The marked effect of pyruvate compared 
to lactate may warrant clinical trials of py- 
ruvate instead of lactate in Ringer's lactate 
solution for use in surgical patients with min- 
imum blood loss (3 1 ) . 

Summary. Isolated strips cut from the 
right atrial appendage of 7- to 10-year-old 
patients undergoing cardiac surgery were 
placed in Krebs-Ringer bicarbonate medium 
at  37" and stimulated at  70 pulses per min. 
If the medium contained 5.5 mM glucose as 
substrate, the force of contraction declined 
rapidly. Contractility could be maintained at  
a constant level for 6 hr with 20 mM glucose. 
The optimal concentration of glucose, how- 
ever, was 30 mM. Equilibration of atria in 30 
mM glucose was followed by incubation in 
glucose-free medium for 30 min in another 
series and resulted in a marked fall in con- 
tractility. Introduction of 30 mM glucose or 
pyruvate resulted in a prompt and complete 
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